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Abstract

Many of the most important processes that create and modify continental crust occur
at continental margins, but recently has the scientific community acquired the necessary
intrumentation to image crustal structure across margins in detail. In this thesis we
investigate the crustal structure across the U.S. East Coast rifted margin and the convergent
margin of southwestern Alaska using modern, deep-penetrating marine seismic
reflection/refraction data.

We consider U.S. East Coast margin transects along the shelf offshore Georgia and
across the mid-Atlantic margin near Chesapeak bay. Results by other workers, based on
data from these transects, have shown that voluminous volcanism accompanied formation
of the rifted margin during continental breakup. Results presented in this thesis constrain
the landward extent of rift-related magmatic emplacement. We find that magmatic intrusion
and underplating of pre-existing continental crust occurs primarily in extended crust and
that crustal extension is focused in a 75-km-wide region beneath the shelf and slope. The
crust thinned by 50 to 80% within this interval and then seafloor spreading began with an
unusually large volume of igneous crust production. The initial volcanic extrusives were
emplaced subaerially and are now present beneath the sediments in a thick seaward-dipping
wedge. We use post-stack depth migration to image this wedge and use the resulting image
to consider the early subsidence of the margin. The geometry of the subaerially extruded
rift volcanics sugggest that the margin subsided rapidly once volncanism began. We infer
from the subsidence, the along-margin distribution of magmatic material, and the across-
margin localization of magmatic emplacement and deformation that the U.S. East Coast rift
volcanics had an anomalously-hot mantle source whose distribution beneath the lithosphere
prior to rifting was long (the length of the margin) but not deep. We speculate that the
distribution of this material was controlled by topography at the base of the lithosphere
inherited from the Paleozoic collision of North America and Africa.
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Our analysis of the southwestern Alaska convergent margin is based on data from
the 1994 Aleutian seismic experiment. The crust of most of Alaska has been built through
terrane accretion and arc magmatism, and this experiment was conducted to study the
evolution of continental crust through these processes. We consider transects across the
westernmost Alaska Peninsula margin, where subduction is occurring beneath proto-
continental crust composed of oceanic-arc terranes accreted in the Cretaceous, and across
Bristol Bay in the back arc region where the crust has undergone a number of geologic
events since accretion. Across the Peninsula, we find that the velocity structure of the
accreted terranes differs little from that of the Cenozoic Aleutian oceanic-arc crust west of
the Peninsula determined along another transect of this experiment. The accreted oceanic-
arc terranes are considerably more mafic than continental crust and the process of accretion
has apparently not modified the bulk composition of these terranes toward that of average
continental crust. It is possible that Cenozoic arc magmatism has been more felsic in
composition than that which formed the accreted terranes and the Aleutian oceanic arc to the
west, and that these magmas have been emplaced primarily within the crust inboard of the
accreted terranes which lie south of the currently active arc. The geology of the Bristol Bay
region suggests that the crustal components here had an origin similar to that of the Alaska
Peninsula margin — that is, accreted terranes. We find, however, that the crust beneath
Bristol Bay has a typically continental velocity structure. If this crust originally had a
structure similar to the Alaska Peninsula margin, then at least two processes must have
occured to affect the transformation to its current structure: crustal thickening and removal
of the mafic lower crust. The geologic events that have affected this region since accretion
are consistent with such and evolution.

Thesis Supervisor: ~ W. Steven Holbrook
Associate Scientist
Woods Hole Oceanographic Institution
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Chapter 1

Introduction: Crustal Processes at Continental Margins

This thesis is concerned with the crustal structure of continental margins and the
processes that occur there. Continental margins exist at the transition between the two main
crustal types covering the earth, continental and oceanic crust. Continental margins are of
scientific interest because many of the processes that create and modify continental crust
occur there. Margins are also societally relevant, as global petroleum reserves and
hazardous tectonic activity are concentrated at continental margins. Only recently,
however, has the scientific community acquired the necessary instrumentation — including
arrays of ocean bottom seismometers and powerful and economical acoustic sources — to
image crustal structure across continental margins in detail . In this thesis we capitalize on
this development to investigate crustal structure across the continental margins of the U.S.
East Coast and southwestern Alaska using modern, deep-penetrating seismic
reflection/refraction data.

An understanding of the formation and evolution of the earth's crust is central to a
complete understanding of the dynamics of the earth as a whole, as the existence of the
crust is a direct result of deeper mantle processes and because the crust, though
volumetrically small, represents an important chemical reservoir within the global
geochemical system. The formation of oceanic crust is generally well understood and
involves uniform mechanisms that are reflected in the global uniformity of oceanic-crustal
structure and composition. The formation of continental crust, in contrast, involves a
plethora of geologic processes operating episodically over billions of years. In fact, the
term evolution is probably more appropriate than formation when characterizing the genesis

of continental crust. The formation (origin) and composition of the components of
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continental crust may differ greatly (magmatic arcs and sedimentary fans, for example), but
the tectonic and magmatic processes that amalgamate these components tend to drive
continental crust toward a steady-state composition and thickness [e.g. Christensen and
Mooney, 1995].

The continents have grown through a series of distinct accretionary events since the
Proterozoic [Bickford, 1988]. The Wilson cycle paradigm explains the growth of
continents through repeated opening and closing of ocean basins and provides a convenient
framework within which to consider fundamental processes of crustal evolution. The
Wilson cycle involves divergent and convergent phases. A divergent phase is initiated
through continental rifting and proceeds to seafloor spreading, leaving behind conjugate
rifted margins and an ocean basin floored by rift/drift igneous rocks and blanketed by
terrigenous and pelagic sediments. A convergent phase begins with the initiation of
subduction within the ocean basin or along a continental margin and results in the formation
of a magmatic arc. As convergence proceeds, basin-filling sediments, oceanic arcs, and
oceanic plateaus are piled up and accreted at the continental margin. The cycle ends when
the ocean basin closes, continents collide and accreted material is further amalgamated
through the processes of compressional tectonics.

An understanding of continental crustal evolution requires an understanding of each of
the fundamental crustal processes operating during the Wilson cycle, including continental
rifting, arc magmatism, terrane accretion and orogeny. Basic data required for this
understanding is information about the crustal structure and composition of continental
margins, where many of these processes operate. This is the motivation behind the
research presented in this thesis, where we consider the crustal structure across the rifted
margin of the U.S. East Coast and the convergent margin of southern Alaska with the goal

of better understanding the fundamental processes of crustal evolution.
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The U.S. East Coast Margin

The processes of continental breakup include lithospheric extension, decompression
melting, the initiation of seafloor spreading, and lithospheric subsidence. These processes
may be manifest in numerous ways depending on the initial rheologic and thermal
conditions of the lithospheric and aesthenospheric mantle. Slow extension of
homogeneous lithosphere over normal temperature mantle, for instance, will result in a
rifted margin structure characterized by progressive thinning of continental crust with little
or no addition of volcanic material until rifting is complete and seafloor spreading initiated
[Bown and White, 1995]. In contrast, a margin formed through rapid extension of
lithosphere with a pre-existing weakness over hot aesthenospheric mantle may result in
voluminous igneous crustal additions at the initiation of and during lithospheric extension
[White and McKenzie, 1989]. These two end members are commonly referred to as non-
volcanic and volcanic rifted margins, and their global distribution and details of their
formation are only now beginning to be understood. Volcanic rifted margins are
particularly intriguing because their formation may represent a volumetrically significant
crustal forming process and because the genesis of the voluminous volcanics found on
these margins challenges our notions of mantle dynamics [Coffin and Eldholm, 1994].

Chapters 2 and 3 address aspects of the U.S. East Coast rifted margin crustal structure.
These chapters are based on the analysis of seismic data from two seminal experiments
across the Carolina Trough [Austin et al., 1990] and the mid-Atlantic margin [Sheridan et
al., 1993]. These seismic experiments were the first across this margin to employ large
arrays of ocean-bottom seismic instruments to record wide-angle arrivals from tuned, large-
volume airgun arrays. These experiments were proposed primarily to find evidence of
remnant convergent structures, but what they revealed was evidence for a voluminous
episode of volcanism accompanying Mesozoic continental breakup [Holbrook et al.,

1994a, 1994b]. The U.S. East Coast margin was found to be a volcanic rifted margin
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[Holbrook and Kelemen, 1993] with all the characteristics of the volcanic rifted margins of
the North Atlantic [e.g. Eldholm and Grue, 1994]. The North Atlantic rift volcanism has
been attributed to proximity to the Iceland plume [White and McKenzie, 1989]. The U.S.
East Coast rift volcanics lack an obvious plume source, however, and the origin of this
material remains and important and unsolved geodynamic problem.

We make several contributions to the understanding of U.S. East Coast margin rift and
magmatic history in Chapters 2 and 3. In both chapters we consider data that constrain the
landward extent of rift-related magmatic emplacement. We find that magmatic underplating
and intrusion are localized near the hinge zone of the margin, which marks the onset of
significant extensional deformation. We also show that crustal thinning is localized toward
the hinge zone. In Chapter 3 we consider the early subsidence of the margin and find that
subsidence during the extrusion of the rift volcanics was quite rapid. We infer from the
subsidence, the along-margin distribution of magmatic material, and the across-margin
localization of magmatic emplacement and deformation that the U.S. East Coast rift
volcanics had an anomalously hot mantle source whose distribution beneath the lithosphere
prior to rifting was long (the length of the margin) but not particularly deep. We speculate
that the distribution of this material was controlled by topography at the base of the

lithosphere inherited during the Paleozoic collision of North America and Africa.

The southern Alaska margin

The processes that have been most important to continental growth since the
Proterozoic, including terrane accretion and arc magmatism, occur at convergent margins.
There is ample geologic evidence that continents have grown in this manner (e. g.,
Hamilton, 1981), and the processes are observed to be ongoing today in locations such as
the southern Alaska margin. Continental growth though these processes is not well

understood, however, and this lack of understanding is evident in the so-called
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composition paradox of continental crustal [e.g. Rudnick, 1995]. The majority of
magmatic and accreted material that has grown the continents since the Phanerozoic
consists of the products of mantle melting and includes intra-oceanic arcs, oceanic plateaus,
continental arcs and associated sediments. The average composition of mantle melts is
mafic (basaltic), while, paradoxically, the bulk composition of continental crust is
intermediate (andesitic).

The importance of convergent margins to the evolution of continental crust has not been
matched with experimental data to provide detailed characterizations of convergent margin
crusta] structure. Seismic experiments have been conducted across the south-central
Alaskan margin, the Trans-Alaskan Crustal Transect (TACT) [Fuis et al., 1991], and along
the accreted arc of the Cascades [Leaver et al., 1984]. While these experiments were
successful in delineating large-scale crustal structure, it is difficult to disentangle the
processes that have modified the crust along the geologically complex TACT profile, and
the Cascades transect provides a view of crustal structure from only beneath the arc.

In Chapters 4 and 5 we engage these problems by delineating the crustal structure of the
southwestern Alaska convergent margin. These studies are based on data from the 1994
Aleutian seismic experiment, which was conducted to study the evolution of continental
crust through the processes of arc magmatism and terrane accretion. In Chapter 4 we
determine the seismic structure beneath the western Alaska Peninsula margin, where
subduction is occurring beneath proto-continental crust composed of accreted oceanic
terranes. We find that the velocity structure of these terranes differs little from un-accreted
oceanic-arc terranes and is not consistent with an andesitic (i.e., "continental™) bulk crustal
composition. In Chapter 5, we determine the velocity structure of the crust in Bristol Bay,
whose components likely had an origin similar to that of the Alaska Peninsula margin —
that is, accreted arc terranes. Here we find that the crust has a typically continental velocity

structure: it is 3540 km thick, with a "silicic" upper crust (P-velocity 6.0-6.3 km/s), and
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a lower crust of velocity 6.8 km/s. Transformation of proto-continental crust (Alaska
Peninsula margin) to mature continental crust (Bristol Bay) requires at least two processes:
crustal thickening and removal of the mafic (>7.0 km/s) lower crust. Crustal thickening
may have occurred during Cretaceous and Tertiary crustal rotation associated with opening
of the Arctic Ocean basin. Removal of the mafic lower crust may have occurred either by
eclogitization and delamination or by incorporation into the upper mantle as the residue of
intracrustal melting. We may thus attribute the evolution of mature continental crust to the

geologic events that have affected this region since accretion.
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CHAPTER 2

Crustal Structure Across the Brunswick Magnetic Anomaly, Offshore
Georgia, From Coincident Ocean-bottom and Multi-channel Seismic Data
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Crustal structure across the Brunswick magnetic anomaly,
offshore Georgia, from coincident ocean bottom

and multi-channel seismic data
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Abstract. We present results from a coincident wide-angle and deep-penetrating, multichannel
reflection seismic experiment conducted on the continental shelf of the Southeast Georgia
Embayment. Over 5000 air gun shots were recorded by a 6-km-long, towed streamer and six ocean
bottom seismic instruments along a ~250-km, north-south profile crossing the Brunswick
magnetic anomaly (BMA). These data indicate a transition in seismic properties across the BMA,
including higher seismic velocities south of the BMA, particularly in the upper crust (7-15 km
depth), and a transition from reflective to transparent crust from north to south. We interpret this

transition to indicate an increased mafic content in crust south o

f the BMA. Magnetic modeling

based on our seismic results indicates that the BMA may be explained as an edge effect anomaly of
the more mafic upper crust. We suggest that the increased mafic content toward the south is due to
rift-related mafic intrusion. An alternative interpretation is discussed in which the seismic
transition across the BMA is related to an Alleghanian suture. Athough there is no direct
indication in the data for the association of the BMA and an Alleghanian suture along our profile,
such an association cannot be ruled out. The southern portion of the profile crosses the margin
hinge zone, where we observe seaward dipping reflectors similar to those observed along the
northern Blake Plateau Basin and Carolina Trough hinge zones, which have been interpreted as
volcanic sequences. Our seismic data include no evidence for very high velocity (>7.0 km/s) mid-

crust to lower-crust inboard of the hinge zone such as is observe

d in the Carolina Trough outboard

of the hinge zone. This indicates that the volume of emplaced mafic material changes dramatically
across the hinge zone and suggests that rift-related magmatic processes along the margin were

highly focused.

Introduction

In this paper we discuss the analysis of wide-angle and deep-
penetrating, multichannel reflection seismic (MCS) data recorded
along a 250-km, north-south transect on the continental shelf
offshore South Carolina and Georgia. These data were acquired as
part of a larger experiment conducted by the University of Texas
Institute for Geophysics and the Woods Hole Oceanographic
Institution designed to study the crustal structure across the
continental margin and how this structure relates to prominent
potential field anomaly trends along the margin [Austin et al.,
1990; Oh er al., 1991] (Figure 1). A primary focus of this

INow at Korean Institute of Geology, Mining and Minerals, Taejon,
South Korea
Copyright 1994 by the American Geophysical Union.

Paper number 94JB01550.
0148-0227/94/943B-01550305.00

experiment was to understand the source of the Brunswick
magnetic anomaly.

The Brunswick magnetic anomaly (BMA) extends in an arcuate
path from southern Alabama through southern Georgia and then
swings northeastward offshore where it tracks inboard of the
hinge zone as far as Cape Hatteras (Figure 1). The source of the
BMA has been a subject of debate. One interpretation is that the
BMA marks the Alleghanian suture of two terranes along which
rift-related mafic magmas were emplaced in the early Mesozoic
[McBride and Nelson, 1988; Thomas et al., 1989; McBride and
Nelson, 1991]. Results from margin-perpendicular profiles of
the seismic experiment mentioned above suggest that along the
Carolina Trough and northern Blake Plateau hinge zones the
BMA is caused by intruded and extruded mafic material associated
with rifting of the margin and that, along these hinge zones,
there is no clear association of a Paleozoic suture and the BMA
{Oh et al., 1991; Holbrook et al., 1994].

The seismic data discussed below place constraints on the
source of the BMA as it extends across the shelf. In addition,
these data place constraints on the extent to which rift-related
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Figure 1. (a) Location and positive gravity anomaly map showing locations of BA seismic lines and
Bouguer (land)/frec-air (sea) gravity anomaly values of 10 mGal or more. Gravity data are from the gridded, 2.5
arc minute Decade of North American Geology (DNAG) [1987a] compilation. Also shown are bathymetric
contours, and trends of the hinge zone [Uchupi et al., 1984], Brunswick magnetic anomaly (BMA), Suwannee-
Wiggins suture (CWS) as inferred by Chowns and Williams [1983], and the Fall Line. See legend for symbols.
(b) Location and free-air gravity anomaly map showing trend of line BA-3, location of ocean bottom
instruments, the COST GE-1 (Cost) and Transco TR 1005-1 (TR) wells, hinge zone, and approximate
boundaries of the Florida shelf basin (FSB) (Uchupi er al., 1984). The gravity data were interpolated and
gridded from a 10-mGal contour map [Ewing, 1984]. (c) Magnetic anomaly map with same features as in Figure
la and the outline of the Brunswick magnetic terrane. Magnetic data are from DNAG {1987b]. (d) Magnetic
anomaly map with same features as in Figure 1b. Magnetic data were interpolated and gridded from a 50-nT
contour map {Heirtzler and Cande, 1984).
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magmatic processes along the margin hinge zone may have
extended onto the shelf. We begin with a brief review of the
relevant regional tectonic terranes that have been identified from
geological and geophysical data. We then describe our analyses
of the MCS and wide-angle seismic data and discuss our results.

Suwannee and Brunswick Terranes and
Terrane Boundaries

The crustal structure of the southeastern United States has been
influenced by two major tectonic events: the Paleozoic
Appalachian orogeny and early Mesozoic rifting which led to the
formation of the East Coast continental margin. It is believed
that the Appalachian orogen was formed by terrane accretion [cf.
Williams and Hatcher, 1983). Several terranes have been
mapped from exposed outcrops inboard of the Fall Line, which
marks the onset of the Coastal Plain sedimentary cover (Figure
1). Outboard of the Fall Line, terranes and terrane boundaries
have been inferred from drilling samples and geophysical data.
Our seismic profile extends across portions of two of these
terranes — the southern Brunswick terrane and the Suwannee
-terrane.

Drilling samples from beneath the post-Jurassic sedimentary
cover of the Georgia and Florida coastal plain have identified a
boundary between two distinct terranes [Chowns and Williams,
1983]. This boundary, referred to as the Suwannee-Wiggins
suture {Thomas et al, 1989], separates Piedmont-type basement
rocks to the north and basement rocks of African affinity to the
south. The terrane to the south of the Suwannee-Wiggins suture
is referred to as the Suwannee terrane, which lies beneath the
coastal plains of southern Alabama and Georgia and northern
Florida. It consists of undisturbed Paleozoic metasediments of
the Suwannee basin which occupy the Florida peninsular arch and
overlie, and are flanked by, relatively unmetamorphosed granites
and felsic volcanic rocks with ages of ~500 Ma {Chowns and
Williams, 1983).

There is considerable evidence suggesting that the Suwannee
terrane was once part of, or adjacent to, the African craton and
represents a fragment of Gondwana left behind following the
opening of the Atlantic [Wilson, 1966; Chowns and Williams,
1983]. The trend of the Suwannee-Wiggins suture as inferred by
Chowns and Williams {1983] is thus taken to represent the
Alleghanian North America/Gondwana suture (CWS in Figure
1a). The position of the boundary toward the coast is not well
constrained but has been placed between Charleston and
Savannah on the basis of felsic volcanics drilled near Savannah
and the Piedmont-like lithology of detrital clasts within red beds
drilled near Charleston {Chowns and Williams, 1983].

Terranes and terrane boundaries have also been identified on
the basis of potential field data. Of these, the most relevant to
this discussion is the Brunswick terrane, which has been
identified principally on the basis of its magnetic anomaly
character [Higgins and Zietz, 1983). This terrane, shown
outlined in the magnetic anomaly map of Figure lc, is bounded
to the south and east by the BMA and to the west and north by
short-wavelength, northeast trending magnetic anomalies
associated with Piedmont metamorphic rocks. Various authors
have commented on the possible significance of the Brunswick
terrane [Popenoe and Zietz, 1977; Higgins and Zeitz, 1983;
Klitgord et al., 1983; Williams and Hatcher, 1983]. The
noncoincidence of the southern boundary of the Brunswick
terrane, the BMA, and the Suwannee-Wiggins suture determined
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from borehole data, combined with the distinctly different mag-
netic anomaly character of the Brunswick terrane relative to the
region south of the BMA, has complicated the interpretation of
the true position of the Alieghanian North America/Gondwana
suture.

In addition, the southern portion of the Brunswick terrane has
a much more subdued magnetic anomaly character than the
northern portion of the terrane. This has led to speculation that
the southern Brunswick terrane may be associated with a series of
basins or an aulacogen filled with sedimentary rocks [Popenoe
and Zietz, 1977; Higgins and Zeitz, 1983; Daniels et al., 1983].
Our seismic profile extends across the southern Brunswick
terrane and thus directly addresses this issue.

Data Acquisition

In June 1988 the University of Texas Institute for Geophysics
shot six deep-penetrating multichannel seismic (MCS) profiles
across the BMA [Austin et al., 1990; Oh et al., 1991] (Figure 1).
These profiles are referred to as the BA lines, as they were
designed to intersect the Brunswick anomaly at a high angle. A
36-element, 10,800-inch?, tuned air gun array fired every 50 m
was used as the seismic source and a 6-km-long, 240-channel
streamer was used as the receiver. Ocean bottom hydrophones
(OBH) from the Woods Hole Oceanographic Institution and
ocean bottom seismometers (OBS) from the University of
Hamburg were deployed along lines BA-3 and BA-6. In this
paper we present results from line BA-3, which lies entirely on
the shelf; results from the margin-perpendicular transect across
the Carolina Trough, line BA-6, have been presented by Austin
et al. [1990], Oh et al. [1991], and Holbrook et al. [1994].
Presentations of portions of all of the MCS profiles are given by
Oh et al. [1991].

Line BA-3 trends north-south from 32.7°N to 30.4°N. The
profile crosses the southern Brunswick terrane (km 0-130), the
BMA (km 130-160), and the eastern edge of a shelf basin (km
160-230) and then turns southeast and crosses the hinge zone
near km 235 (Figure 1). Two basement-penetrating wells, the
COST GE-1 and Transco TR 1005-1 wells [Dillon and Popenoce,
1988], were drilled near the line at the northern and southern
limits of the basin south of the BMA (Figure 1). Line BA-3 also
lies near single-channel seismic and sonobuoy profiles recorded
by Dillon and McGinnis {1983] and, at its northern end, ties
with deep-reflection profiles recorded offshore Charleston
[Behrend: et al., 1983].

Multichannel Data

The line BA-3 MCS data shown in Figure 2 reveal the
following general features: a southward thickening sedimentary
section 1 to 3 s thick; a reverberatory basement represented by a
~1-s-thick stratified unit that is locally disturbed in places in the
north and deformed into a 90-km-long basin in the south; a
relatively transparent zone between ~3 and 5 s two-way
traveltime (TWT); a middle to lower crust (~5-11 s TWT) that is
reflective beneath the northern half of the profile and transparent
beneath the southern half, with the reflectivity in the north
characterized by broad diffractive bodies; and a ~I- to 2-s-thick
reflective zone above Moho that exhibits considerable structure.
Localized blanking of crustal reflections due to basement
structure is observed at km 132-140, km 162-178, and km 220-
227. Apart from these zones, we interpret changes in crustal
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Figure 2a. Stacked MCS data. Data have been corrected for spherical divergence and coherency weighted.
No intertrace mixing was performed. Gravity (solid curve) and magnetic (dashed curve) anomalies (interpolated
from the 10-mGal and 50-nT contour maps of Ewing [1984] and Heirtzler and Cande [1984]) along the profile
and locations of ocean bottom instruments are also shown.

Figure 2b. Enlarged view of the sedimentary and basement sections of the stacked MCS data with
interpretted faulting of the Florida shelf basin.
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reflectivity to correspond to genuine changes in seismic
properties of the crust.

Sedimentary Section and Postrift Unconformity

The sedimentary section thickens southward uniformly from
~1 to 3 s thick. Reflectors in this interval are nearly horizontal
but laterally discontinuous, with a number of sedimentary
structures such as channels observed along the line. The strata
are largely undisturbed, with the exception of some small
displacement faulting seen mostly in the north and the more
prominent normal faulting near the hinge zone.

We interpret a laterally continuous reflector dipping
southward from ~1 to 3 s TWT to mark the postrift unconformity
(PRU) (Figure 2b). This reflector is identified by its lateral
continuity, the onlapping of sediments from the south, the
separation of undeformed reflectors above from strata that are in
places intensely deformed below, and an abrupt velocity increase
of 2 km/s or more. Over the northern half of the line (to km
135), this reflector has the same high-amplitude, two-cycle char-
acter as the “J" reflector of Shilt et al. [1983].

Shilt et al. {1983] analyzed shallow MCS data recorded on
several lines in the Charleston, South Carolina, area and
correlated a strong reflector at ~3 s with a ~300-m-thick sequence
of Jurassic basalt flows drilled in the Clubhouse Crossroads wells
{Gottfried et al., 1983). The distinctive J reflector marking the
PRU has since been observed on numerous seismic lines shot on
the coastal plain and offshore Georgia and South Carolina and is
now taken to indicate a regionally extensive, Jurassic basalt
flow [Dillon and McGinnis, 1983; Hamilton er al., 1983, Dillon
et al., 1983; Behrend: et al., 1983; McBride et al., 1987; Austin
et al, 1990].

We interpret the southern limit of J to be km 135, where the
reflection marking the PRU changes character as it passes over a
small basement high. This interpretation is in agreement with
that of Dillon et al. {1979, 1983]. The basement high lies on
the northern flank of a 5-km-wide zone of intensely disturbed
basement. This zone, which lies just north of the BMA, marks
the northern limit of the extensional features which, 25 km to
the south, open into a broad basin bounded by deep grabens
(Figure 2b). This basin, which we call the Florida shelf basin,
has been discussed by Kiltgord et al. {1983, 1988] and Dillon et
al. {1983} and was the site of a number of petroleum exploration
wells drilled in the late 1970s {Mattick and Libby-French,
1988].

Stratified, Pre-Cretaceous Basement

The reverberatory character of reflections beneath the PRU
makes interpretations of basement reflectivity difficult. The
reverberations consist of water bottom and peg-leg multiples
from the PRU and strong reflectors in the sedimentary section. It
appears, however, that the upper 1 s of basement directly
beneath the PRU from the northern end of the line to km 235 is
stratified, suggesting a sequence of metasedimentary or layered
volcanic rocks. Basement rocks drilled onshore consist of
Paleozoic felsic volcanics west of the northern end of the line
and Suwannee basin metasediments west of the southern end of
the line [Chowns and Williams, 1983]. Basement rocks
encountered by wells drilled on the flanks of the Florida shelf
basin consist of undisturbed Silurian quartzite and shale (TR
1005-1) and upper Devonian argillite (COST GE-1) [Dillon and
Popenoe, 1988). As pointed out by Oh et al. [1991], these
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Figure 3. Detail of basement disturbance beneath the PRU
near km 53 interpreted as an igneous intrusion. Also note
reflections at ~4 s that mark the base of the transparent zone.

lithologies are similar to the Paleozoic metasediments of the
Suwannee basin in Florida and may represent a seaward
continuation of that basin. It is thought that the Suwannee basin
strata fill a syncline of felsic basement rocks [Chowns and
Williams, 1983). There is no clear indication, however, of a
contact between these two likely basement lithologies,
metasediments and felsic volcanics, along BA-3. Along-protile
variations of reflectivity within this interval are observed, but
they are subtle and may be associated with changes in multiple-
reverberation character. Also, there is no indication of signif-
icant basement structure associated with the southern Brunswick
terrane.

Deformation within the stratified basement interval consists
of minor disturbances near km 30 and 41 that may represent
small grabens; upwarped disturbances near km 58 and 90 that
may represent igneous intrusions (Figure 3) (a similar feature
observed by Belrendt et al. [1983] was also interpreted as an
intrusion); and extensional deformation south of km 135 (Figure
2b) that is probably related to Mesozoic rifting and formation of
the hinge zone.
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Figure 4. Detail of the southern graben of the Florida shelf basin (km 217-230), the basement hinge (km
235), and the wedge-shaped region of seaward dipping reflectors overlying basement between km 235 and 253.

Interpreted basement faulting is indicated.

The hinge zone is marked by an abrupt increase in basement
depth across a normal fault on the southern side of the tilted
horst block that bounds the southern graben of the Florida shelf
basin (Figure 4). Prominent normal faulting is observed within
the sediments just above and seaward of the horst. A sequence of
seaward dipping reflectors is observed overlying basement
beyond the hinge. This sequence has a similar character to
seaward dipping reflectors observed on BA lines 4, 5, and 6,
which have been interpreted as basaltic flows [Austin er al.,
1990; Oh er al., 1991] and thus may also represent a volcanic
sequence.

Crystalline Crust and Moho

Deep crustal reflectivity varies significantly along the line. The
crust north of the BMA is strikingly more reflective than that
south of the BMA (Figure 2a). To the north, a 2- to 3-s-thick
transparent zone lies beneath the basement section. The base of
this transparent zone is defined by a surface of diffraction tops at
~5 s. This surface is most apparent between km 85 and 135,
where two dome-shaped features exhibiting bright, layered
reflectivity are observed (Figure 5). South of the BMA the crust
is largely transparent down to the lower crustal reflections
overlying Moho. The strength of these lower crustal events
indicates that the relative transparency of crust south of the BMA
represents weaker crustal reflectivity, not energy loss due to
attenuation or scattering.

Strong lower crustal reflections are observed overlying Moho
along the entire line. These reflections are seen as a steeply
dipping sequence cutting Moho near km 35; a thinner,
horizontal sequence between km 45 and 70; and thick, wedge-
shaped sequences between km 70-120 and 150-215 (Figure 2a).
Moho, interpreted as the base of these reflectors, exhibits
considerable structure, sagging between km 120 and 160, and

rising steeply between km 180 and 220 (Figure 2a). South of km
220 the reflective character of the Moho changes, possibly due
to processes associated with crustal thinning toward the hinge
zone.

Wide-Angle Data and Travel Time Modeling

Six ocean bottom seismic instruments recorded airgun shots
along BA-3 (Figure 1). OBHs 1, 13, 10, and 2 were located in a
60-km spread about the trough of the BMA. OBH 15 and OBS G
were located farther south. This geometry provides very good
resolution of seismic velocities within the upper 15 km of the
crust between km 80 and 220, from which a variety of reflected
and diving-wave phases are observed on all instruments.
Analysis of the wide-angle data consisted of identification and
digitization of reflected and diving-wave phases followed by a
combination of inverse and forward traveltime modeling.

Phase Interpretation and Travel Time Modeling

The coincident MCS data greatly facilitated the interpretation
of wide-angle phases by providing constraints on sediment
thickness and the effects of basement disturbances and by
enabling a general association of wide-angle phases with
reflectivity patterns observed on the MCS data. A summary of
the wide-angle phases interpreted on all of the instruments is
shown in Figure 6. We illustrate the major interpreted phases in
Figure 7, where we show the southern portion of the OBH 1
record section. A clear first-arrival branch is observed to offsets
of 110 km. The abrupt change in apparent velocity of the first
arrivals from ~3.5 to ~5.8 km/s at 6 km range indicates the
sediment/basement velocity contrast. Reflection R1 corres-
ponds to the PRU/basement interface discussed above. Local
disruptions of the first-arrival branch observed near 26, 60, and
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110 km range are associated with the basement disturbance near
km 135 and the bounding grabens of the Florida shelf basin
(Figure 2). These basement features give rise to both traveltime
delays and diffractions.

We have identified five main wide-angle reflection phases
from the crust beneath the basement. These are indicated as R2,
R3, R4, PyP, and PP, in Figure 7. The R2 phase becomes
asymptotic to the first-arrival branch beyond ~20 km range. R3,
R4, and PP, represent the earliest arriving phases of
multicyclic, wide-angle reflection sequences. We interpret PP,
as the latest arriving phase of the Py P reflection sequence. The
multicyclic events of these sequences probably represent both
specular reflections and diffractions from laterally discon-
tinuous, layered reflective zones such as observed in the MCS
data overlying Moho (Figure 2) and in the midcrust (Figure 5).
We have indicated some of the diffractions that merge into the
coherent wide-angle reflection sequences in Figure 7.

The picked phases were modeled using a combination of
forward and inverse modeling to obtain the velocity model
shown in Figure 8a. The inversion scheme of Zelt and Smith
[1992] was used in a layer-stripping fashion as a rapid means of
exploring acceptable velocities and thicknesses for individual
layers. The inversion models obtained for each layer were
adjusted via forward modeling as necessary to improve the fit to
the data. Bold lines along the model interfaces in Figure 8a
indicate reflecting points of modeled wide-angle reflection
phases and thus give some indication of where the model is well
constrained. In Figure 8b we show a contour plot of the
interpolated resolution values (model resolution matrix diagonal
elements) determined for each velocity node beneath the
sedimentary layer of the final model. These resolution values
correspond to five seperate inversions, one for each layer, in
which all velocity nodes of a given layer were inverted for
simultaneously using ray groups corresponding to observed
phases. These resolution values indicate the relative number of

Detail of dome-shaped features exhibiting bright, layered reflectivity beneath the transparent

rays passing near a given velocity node and are dependent on
model parameterization [Zelt and Smith, 1992]. Nevertheless,
they provide a good qualitative view of which portions of the
model are well resolved.

The small-scale velocity anomalies associated with basement
disturbances are not formally well resolved by the inversion but
are indicated by traveltime delays such as those discussed above
and shown in Figure 9. In Figure 9 we show the effects of the
basement disturbance near km 135 on basement refractions
recorded by OBHs 13 and 10, located on either side of the feature.
We note two effects: a local traveltime delay (indicated by an
arrow) that probably represents diffraction of the basement
diving waves, and a net delay of diving waves that have passed
through the disturbed zone (indicated by At).

The problem of obtaining quantitative estimates of model
parameter uncertainty for two-dimensional velocity models is
complicated and has not yet been solved. Qualitative estimates
of uncertainty may be obtained through various sensitivity
analyses in which the effects of perturbations to model
parameters on the fit of the model to the data are considered. We
used the inversion code of Zelt and Smith [1992] to perform
sensitivity analyses on seven discrete portions, or blocks, of
the velocity model as indicated in Figure 10a. The velocities of
each block were perturbed in increments of 0.05 km/s and held
fixed at the perturbed values during inversion for all other model
parameters of the given layer. We consider the effect of the
perturbation in terms of the RMS misfit of the calculated to the
observed traveltimes.

The results of the sensitivity analyses for blocks 1-4 are
sumarized in Figures 10b and 10c. In Figure 10b the change in
RMS error, 3RMS, relative to the final model (Figure 8a) is
shown contoured in increments of 0.005 s. Various quantitative
features of this error surface, such as curvature near the minima or
absolute levels of SRMS misfit or gradient, undoubtedly bear on
the uncertainty of the model parameters, but the exact mapping
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Figure 6. Summary of picked wide-angle events for all ocean bottom instruments (crosses) and the
calculated arrival times from the velocity model of Figure 8.

between these quantities and parameter uncertainty is unknown.
In our analyses this mapping is based on qualitative consid-
erations. We notice in the consideration of blocks 1-4, for
example, that the fit to the data and the geologic reasonableness
of the model become noticeably poor for SRMS values above
~0.02 s. At this misfit level the gradient of the SRMS surface
also becomes qualitatively significant. In addition, we show in
Figure 10c a contour of the percentage of observed traveltimes
used in the final inversion for the perturbed blocks 1-4. The
decrease in ray coverage indicated in Figure 10¢ results from
accommodation of the velocity perturbations by model
parameter adjustments (velocities or interface topography)
which are in some sense extreme, preventing rays from being

traced to surface locations where observations exist. We note
that for block 2 the 8RMS error is relatively insensitive to
velocity perturbations, but this is largely due to pathological
adjustments to the other parameters. Thus, in evaluating
velocity uncertainties for blocks 1-4, we must consider both the
8RMS error surface and ray coverage. Considering 0.02 s to be a
significant level of misfit for blocks 1-4 and a 15% decrease in
ray coverage to be unacceptable, we assign an uncertainty of *
0.1-0.15 km/s for blocks 1-4. We note that block 1 has a
tendency to be more sensitive to velocity increases, whereas
block 4 is more sensitive to velocity decreases.

Adjustments for velocity perturbations to blocks 5-7 do not
significantly reduce ray coverage, as these layers are both
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thicker and involve a smaller range of ray parameter than the
upper crustal layer; thus we show only the 8RMS error curves in
Figures 10d-10f. Again, it is not clear how to determine a
statistically meaningful level of SRMS misfit. It is unlikely that
a 0.005-s SRMS error is meaningful, and we are not concerned
that the 8RMS error minima do not coincide exactly with our
final model. It is clear that block 5 is more sensitive to velocity
perturbations than block 6 and that block 7 is relatively
insensitive to perturbations less than 0.20 km/s. Based on a
qualitative assessment of the curvature of the SRMS error curves,
we assign uncertainties of +0.1-0.2 km/s to the midcrustal layer
and $0.20-0.25 km/s to the lower crustal layer.

Velocity Model

The velocity model shown in Figure 8a consists of 1.6-2.4
and 3.1-3.6 km/s sedimentary layers, with total sedimentary
thickness increasing from 1 to 4 km from north to south; a thin,
5.5 km/s layer beneath the sediments in the south (km 165-260);
a 5.8-6.0 km/s basement layer with a marked velocity increase in
the hinge zone: an upper crustal layer that varies laterally from
6.1-6.3 km/s in the north to 6.4-6.5 km/s in the south; a
midcrustal layer that varies laterally from 6.3-6.6 km/s in the
north to 6.5-6.7 km/s in the south; a 6.7-6.8-km/s lower crustal
layer; and a thin, 7.1-7.3-km/s layer above Moho. Traveltime
curves computed from the model are shown with the traveltime
picks in Figure 6 and overlain on the OBH 1 and OBH 2 record
sections in Figure 11. The RMS errors of the computed
traveltimes for each layer are given in Table 1.

The velocity and thickness of the sediments are constrained
by first arrivals on five instruments observed to offsets of ~6
km, the R1 reflector, and the traveltime to the PRU reflector
observed on the MCS data.

Velocities within the basement and upper crustal layers are
constrained by diving waves observed as first arrivals on all
instruments (Figure 6). [In particular, the lateral velocity
increase of the upper crustal layer across km 145 is indicated by
the increased apparent velocity of first arrivals on OBH I beyond
+60 km range and OBH 10 beyond +30 km range. The

thicknesses and velocities of these layers are constrained by
wide-angle reflection phases R2 and R3 (Figure 6) and are well
resolved between km 80 and 200 (Figure 8b). The basement
velocity increase in the hinge zone is indicated primarily by the
increased apparent velocity of PP arrivals observed on OBH 1
beyond +110 km range (Figure 11a). The location of this
velocity anomaly is not well constrained and could be placed
anywhere within the crust south of km 230 between 5 and 25 km
depth.

No diving wave phases are observed from the midcrustal and
lower crustal layers. Velocities and thicknesses of these layers
are constrained by the R4 (midcrustal layer) and PyP reflections
(Figure 6) and are best constrained between km 80 and 180
(Figure 8b). The depths of the lower crustal interfaces are
consistent with the two-way traveltime to the lower crustal
reflection sequence observed on the MCS data.

The Py P phases observed on OBHs 1 and 2 appear as multi-
cyclic events (Figure 11). We interpret the earliest and latest of
these reflections as arising from the top and bottom of the
reflective zone at the base of the crust. The ~7.2 km/s velocity
assigned to this layer is not constrained, as the thickness and
velocity of the layer can be traded off to fit the traveltimes
equally well. The strength of the observed Py P phases, however,
suggests a positive velocity step across a lower crustal
transition. Thus we believe that 7.2 km/s is a reasonable veloc-
ity for this transitional layer.

Discussion

Mafic Composition Crust and Lateral Change in
Seismic Properties

The two principal results of this study are the determination of
crustal seismic velocities beneath line BA-3 and the
identification of first-order differences in seismic properties of
the crust across the center of the BA-3 profile. The seismic
velocities of the middle to lower crust and the upper crust south
of km 150 suggest that the overall composition of the crust
beneath line BA-3 is fairly mafic. The increase in upper crustal
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seismic velocity across the center of the profile from ~6.18 to
~6.45 km/s suggests a transition from felsic to more mafic
rocks. For example, average velocities for granitic to quartz-
mica schist composition midcrustal rocks range from 6.07 to
6.26 km/s, whereas greenschist facies metagabbro to gabbroic
composition rocks range from 6.49 to 6.95 km/s [Holbrook et
al., 1992]. The midcrustal (12-25 km) velocities of ~6.45 km/s
to the north and ~6.60 km/s to the south suggest a significant
mafic component for rocks at these depths as well, with a
slightly increased mafic content towards the south. The lower-
crustal velocities of ~6.75 km/s are also consistent with mafic
rocks [Holbrook er al., 1992].

We have identified the following differences in seismic
properties of the crust across the center of the profile: (1) an

abrupt increase in upper crustal velocities from north to south;
(2) aless well constrained increase in midcrustal velocities from
north to south; (3) a transition in crustal reflectivity patterns
from fairly complex in the north to largely transparent down to
the lower crustal reflection sequence in the south; and (4) an
apparent deepening of the lower crustal reflections overlying
Moho across the center of the profile and a corresponding “sag"
in the Moho of the velocity model, which is required to fit the
observed PP phases.

Our results strongly suggest that the increase in seismic
velocity across the center of the BA-3 profile between 7 and 15
km depth and the occurrence of the BMA at approximately the
same location are both due to an abrupt increase in mafic content
of the upper to middle crust south of the BMA. The
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Figure 9. (a) and (b) Trave time delays associated with basement disturbance indicated in Figure 9c. Arrow
indicates delay due to diffraction of the basement diving waves. At indicates net delay of diving waves which
have passed through the disturbed zone. Calculated trave times for the velocity model are indicated in black.
(c) Basement disturbance between interpreted faults. Basement reflector and PRU indicated by J.

interpretation of the BMA follows from simple two-dimensional
modeling of the anomaly. A magnetic model of the crust beneath
BA-3 was constructed by assigning a susceptibility contrast of
3.0 Am! and no remanant magnetization to crust with velocities
>6.3 km/s and depths <20 km (the assumed Curie depth based on
heat flow data of Pujol and Fountain [1985]), with the northern
and southern limits of this body extending to infinity.
Comparison of the anomaly calculated for this body and the
observed anomaly (Figure 12) shows that the salient features of
the BMA across line BA-3 can be explained by this model.
There are two end-member explanations for the increased
mafic content of the crust beneath the southern portion of BA-3:

(1) intrusion of mafic magmas in the early Mesozoic associated
with rifting of the margin; and (2) juxtaposition of terranes of
differing composition during the Paleozoic Alleghanian
orogeny. The first explanation follows from evidence that the
region experienced a period of voluminous igneous activity in
the early Mesozoic and from the crustal structure across the
Carolina Trough and northern Blake Plateau Basin hinge zones.
The second explanation follows from onshore borehole data
which suggest that the Suwannee-Wiggins suture crosses the
shelf somewhere south of Charleston (Figure la) and from the
correlation of the BMA onshore with crustal-scale dipping
reflection sequences observed on deep MCS profiles in Georgia.
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Figure 10. (a) The seven blocks of the velocity model (Figure 8a) for which sensitivity analyses were
performed. The velocities of each block were perturbed in increments of 0.05 km/s and then held fixed during
inversion for remaining layer model parameters. (b) The change in RMS error, 3RMS, relative to the final
model for blocks 1-4 contoured in 0.005-s increments. The 0.02-s level, which we consider significant, is
shown in bold. (c) Percentage of observed trave times used in final inversions for blocks 1-4. Decrease in ray
coverage indicates inability of rays to be traced to observed trave times. The 85% level, which we consider
pathological, is shown in bold. (d)-(f) SRMS-error curves for blocks 5~7.

We consider arguments for both explanations as well as a third,
intermediate possibility that rift-related mafic material was
emplaced along a reactivated suture.

Rift-Related Mafic Intrusion and the Change in
Seismic Properties Across the BMA

Evidence that the region experienced a period of voluminous
igneous activity in the early Mesozoic includes regional basalt
flows as evidenced by borehole and seismic data [Chowns and
Williams, 1983; Dillon et al., 1983; McBride et al., 1987; de
Boer et al, 1988]; numerous circular, positive magnetic/gravity
anomalies interpreted as mafic intrusions [Daniels et al., 1983];
and massive intrusion and extrusion of mafic material outboard
of the Carolina Trough and northern Blake Plateau Basin hinge

zones [Tréhu et al., 1989; Austin et al., 1990; Holbrook et al.,
1994; Holbrook and Kelemen, 1993). The massive emplacement
of mafic material outboard of these hinge zones is inferred from
anomalously high seismic velocities in the midcrust (6.5-6.9
km/s) and lower crust (7.2-7.5 km/s) between the hinge zone and
normal oceanic crust in the Carolina Trough [Tréhu et al., 1989;
Holbrook et al., 1994] and from the observation of seaward
dipping reflectors outboard of the hinge zone on MCS profiles
BA-4, 5 and 6 [Austin et al., 1990; Oh et al., 1991].

It is likely that the mafic material outboard of the Carolina
Trough and northern Blake Plateau Basin hinge zones is the
primary cause of both the BMA and the positive-gravity-
anomaly trend which track respectively inboard and outboard of
the hinge zone (Figure 1a) {Holbrook et al., 1994]. We may thus
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Figure 11. OBH profiles with and without calculated trave time curves overlain: (a) OBH 1, (b) OBH 2.
Profile of OBH 2 has been coherency weighted to enhance signal/noise.

argue that the increased mafic content beneath the southern
portion of BA-3 represents a continuation of the igneous
material emplaced along the Carolina Trough and northern Blake
Plateau Basin hinge zones. In support of this argument we point
out the continuity of the BMA and the positive gravity anomaly
trend and their intersection of line BA-3, as well as the
observation of seaward dipping reflections near the hinge zone
on line BA-3, which may represent a volcanic sequence.
Magmatic emplacement outboard of the hinge zone was probably
enabled by fracturing of the crust as it rifted. Intrusion beneath

the southern portion of BA-3 may have accompanied fracturing
associated with the formation of the Florida shelf basin,
resulting in a gross homogenization and relative transparency of
the crust.

As a counter argument we note that the increased midcrustal
velocities across the Carolina Trough margin are observed in
association with high-velocity (7.3-7.5 km/s) lower crustal
material. The presence of this material is evidenced by first-
arriving wide-angle phases with apparent velocities of 27.0
km/s observed within ranges of 35-75 km {Tréhu et al., 1989;
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Table 1. Root Mean Squared Travel Time Errors of Modeled
Crustal Phases and Velocity Uncertainties of Crustal Layers as
Determined From the Sensitivity Analyses Discussed in the Text

Crustat Layer RMS Error, s  Uncertainty, km/s
Basement

Diving waves 0.094

Wide-angle reflections 0.101

Upper crust

Diving waves 0.098 + 0.10-0.15
Wide-angle reflections 0.105

Mid Crust

Wide-angle reflections 0.077 + 0.10-0.20
Lower Crust

PmP1 reflection 0.093 + 0.20-0.25
PmP2 reflection 0.093

Holbrook et al., 1994]. These observations suggest nearly
complete replacement of preexisting continental crust with
mafic material. It is not clear that such drastic reorganization of
the crust is required to effect the increase in upper crustal
velocities from 6.18 to 6.45 km/s seen along BA-3, but we see
no evidence in the line BA-3 wide-angle data for midcrustal to
lower crustal velocities of 27.0 km/s, even though the profile
trends parallel and in close proximity to the hinge. Moreover,
because we have posed the argument based on analogy to
processes along the hinge zone, we require additional
mechanisms to explain the landward continuation of both the
BMA and the positive gravity anomaly trend. Also, neither of
the basement-penetrating wells drilled along BA-3 encountered
Mesozoic volcanic rocks. Finally, we note that the southern
portion of BA-3 lies at the intersection of two positive gravity
anomaly trends, that which tracks outboard of the Carolina
Trough and northern Blake Plateau Basin hinge zones and a
broader anomaly extending along the shelf from just south of the
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BMA to 29°N. This anomaly, which we call the Florida shelf
gravity high, is not readily explained by rift-related processes,
but rather suggests a consideration of juxtaposed terranes.

Suwannee-Wiggins Suture and the Change in
Seismic Properties Across the BMA

If the BMA and the change in seismic properties across the
center of line BA-3 are caused by the juxtaposition of terranes of
different composition, then the Suwannee terrane must be more
mafic than crust to the north, and the BMA miust mark the terrane
boundary. Borehole samples of crystalline basement rocks from
the Suwannee terrane consist dominantly of felsic volcanics,
rhyolite, and granite. It is possible, however, that a mafic core
lies beneath these uppermost felsic rocks. The Florida shelf
gravity high may indicate the presence of this mafic material.
We note that its peaks generally correlate positively with
magnetic anomaly highs (Figure 1). The anomaly is situated
inboard of the hinge zone and is not associated with any known
basins other than the Florida shelf basin. Thus there is little
evidence to suggest that significant extension of the shelf crust
took place to make room for a large volume of rift-refated mafic
material. These arguments suggest an “indigenous" mafic
component of the Suwannee terrane unrelated to rifting.

An argument that the BMA marks the Suwannee-Wiggins
suture is more difficult to make. The consideration of a suture
zone/BMA relation is based primarily on onshore borehole data.
These data, however, suggest that the suture passes offshore
considerably north of the BMA. We may argue that the change
in seismic properties across the BMA represents a terrane
boundary because the seismic properties change abruptly. A
similar argument can be made based on the differing magnetic
anomaly characters of the Brunswick and Suwannee terranes.
These arguments are circular, however, and are not particularly
satisfying. There are a number of reasons to suspect that the
BMA does not represent the Suwannee-Wiggins suture. We
consider these in conjunction with the intermediate possibility
that rift-related mafic material emplaced along a reactivated
suture is the cause of both the BMA and the change in seismic
properties along line BA-3.
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Magmatic Emplacement Along Reactivated Suture
Zones

McBride and Nelson (1991] suggest that mafic material was
emplaced in the early Mesozoic along extensionally reactivated
mid and late Paleozoic sutures, based on their interpretation of
reflection data across the BMA in Georgia and analyses of
regional potential field data. The role of suture zones is inferred
from McBride and Nelson's [1991] interpretation of southward
dipping reflection sequences. which bound largely unreflective
crust to the south, as suture zones separating North American and
African crust, and a correlation between these reflection
sequences and the BMA. For this interpretation to apply to line
BA-3 we would require the observation of similar dipping
reflection sequences. We observe a transition from reflective to
nonreflective crust across the BMA on line BA-3, but we do not
observe southward dipping reflection sequences which could be
interpreted as a suture zone. Southward dipping crustal
reflections are observed on BA lines 4, 5 and 6 but show no
systematic refationship to the BMA [Oh et al., 1991].

As counter arguments to the coincidence of the BMA and a
suture zone, we point out the apparent continuity of the layered
sequence of Paleozoic basement reflectors immediately beneath
the PRU and the absence of substantial compressional structures
within this sequence. Additionally, correlation of the southward
dipping reflections observed on BA-4 and BA-5 reveals an
approximate east-west trend passing over BA-3 near km 35,
which is also the intersection of the offshore projection of the
suture based on borehole data with line BA-3. Other features near
km 35 include a sequence of reflectors between 7 and 9 s, an
inboard-vergent, steeply dipping reflector between km 20 and 30
at 5to 8 s TWT, and a thick sequence of outboard-vergent, lower
crustal reflections crosscutting Moho (Figure 2). It is not
apparent that these features represent a suture. but if they do. a
relationship between a suture in this location and the change in
crustal properties across the BMA is unlikely. Finally, it is
unlikely that mafic material emplaced along a suture zone would
result in increased upper crustal velocities beneath the entire
southern portion of the BA-3 profile.

The arguments put forth for possible causes of the crustal
transition observed across the BMA on the BA-3 profile involve
considerable speculation. To distinguish between them requires
an even greater level of speculation. Hot spots, stike-slip
motion along landward extensions of fracture zones, the
Paleozoic distribution of island arcs, and thin-skinned tectonics,
for example, can be and have been invoked to help explain the
regional geologic and geophysical data {cf. de Boer et al., 1988;
Tauvers and Muehlberger, 1987, Klitgord et al., 1983]. With
appropriate caution, then, we prefer the interpretation of rift-
related mafic intrusion as the dominant cause of the crustal
transition observed across the BMA.

Conclusions

We have presented results from a coincident MCS/wide-angle
seismic experiment conducted along a north-south transect on
the southeastern U.S. continental shelf, crossing portions of the
southern Brunswick terrane, the Suwannee terrane. and the
Brunswick magnetic anomaly. The two principal results of this
study are the determination of crustal seismic velocities beneath
the profile and the identification of first-order differences in
crustal seismic properties across the Brunswick magnetic
anomaly. The velocity model is well resolved in the upper 15
km between ~60 km north and ~60 km south of the BMA. The
transition in seismic properties across the BMA includes higher
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seismic velocities south of the BMA, particularly in the upper
crust (7-15 km depth), and a transition from reflective to
transparent crust from north to south.

We interpret these results to indicate an abrupt increase in the
mafic component of the upper to midcrust from north to south.
Magnetic modeling indicates that association of increased
magnetic susceptibility with this higher velocity material
resuits in an edge effect anomaly which explains the BMA quite
well. These results strengthen the proposition that the BMA is
due to more mafic material south of the anomaly {McBride and
Nelson. 1991; Holbrook et al., 1994] and not due to basins or
particularly nonmagnetic material within the southern
Brunswick terrane [Higgins and Zeitz, 1983; Daniels et al.,
1983; Klitgord et al.. 1983].

We considered arguments for two possible causes of the
increased crustal mafic content south of the BMA: rift-related
mafic intrusion and juxtaposed terranes of differing crustal
composition. Arguments for mafic intrusion follow from
evidence of voluminous, regional, early Mesozoic igneous
activity and analogy to crustal structure along the Carolina
Trough and northern Blake Plateau Basin hinge zones. Counter
arguments include the lack of evidence for very high-velocity
(27.2 km/s), midcrustal to lower crustal material such as that
observed outboard of the hinge zones [Tréhu et al., 1989;
Holbrook et al., 1994}, suggesting that the massive igneous
intrusion associated with the continent-ocean transition zone is
confined to the region of highly extended crust outboard of the
hinge zone.

Arguments for juxtaposed terranes follow from our
interpretation of the Florida shelf gravity high as indicating a
dense, mafic crustal composition for the eastern Suwannee
terrane. Counter arguments include the continuity of thickness,
velocity, and reflection character within the stratified basement
section, which we interpret, based on seismic velocity and
borehole samples along our profile, to represent a Paleozoic
metasedimentary/ volcanic sequence. Also, no dipping crustal
reflection sequences are observed associated with the BMA, in
contrast with reflection data onshore Georgia [McBride and
Nelson, 1988].

Although an unequivocal distinction between these two causes
cannot be made, we prefer the interpretation of rift-related mafic
intrusion as the dominant cause of the crustal transition observed
across the BMA.
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Chapter 3

Structure and early thermal evolution of the U.S. Mid Atlantic margin

Abstract

Marine seismic experiments have revealed that the U.S. East Coast rifted margin crustal
structure is dominated by voluminous volcanics emplaced during continental breakup. We
present results from seismic data recorded onshore during the 1990 EDGE Mid-Atlantic
seismic experiment that extend the margin crustal profile westward 180 km across the
Coastal Plain and place the offshore results into a broader tectonic context. The
onshore/offshore crustal model defines the crustal thinning profile across the margin,
enabling the calculation of total extension based on direct measurements of crustal
thickness. We find that the crust beneath the Coastal Plain is largely unextended, has a
uniform thickness of ~35 km, shows no evidence for magmatic additions of sufficient
volume to affect seismic velocity, and that the total half-extension of the crust is 30 to 40
km, less than previous estimates by a factor of 3 to 4. We also present results of depth
migration of the offshore vertical-incidence and wide-angle seismic data that yield the most
complete and accurate image to date of reflectivity across the U.S. East Coast margin. We
use this image to analyze margin subsidence by exploiting the stratigraphy of the
subaerially-extruded basalts beneath the sediments. We find that (1) margin subsidence is
consistent with a petrogenetic model for initial seafloor-spreading magmatism involving
high average melting pressures (3.5-4.0 GPa) and potential temperatures (>1500°C) for a
present-day thermal lid thickness of ~225 km; (2) it is difficult to explain margin
subsidence with a present-day lid thickness much less than ~175 km; and (3) rapid
subsidence following breakup suggests the initially hot mantle underlying the rifting margin
cooled very quickly, implying a limited and finite initial distribution of hot mantle, rather

than a continuous upwelling or a ubiquitously warm upper mantle.

Introduction
Several seminal marine seismic experiments across the U.S. Atlantic rifted margin have
demonstrated the importance of voluminous magmatism during rifting, imaging thick

sequences of extrusive volcanics underlain by high velocity, mafic crust at the
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continent/ocean transition [Diebold et al., 1988; Tréhu et al., 1989a; Austin et al., 1990;
Sheridan et al., 1993; Holbrook et al., 1994a, 1994b]. The implications of these results
for rift processes and mantle dynamics cannot be fully explored, however, without a
knowledge of Coastal Plain crustal structure to constrain the style and magnitude of
extension, the landward extent of magmatism, and the distribution of accreted terranes and
their potential involvement in margin development. In this paper we present results from a
transect across the Coastal Plain near the Chesapeake Bay (Figure 1) that for the first time
delineates Coastal Plain crustal structure based on active-source crustal refraction data.

Prior to this study, our knowledge of Coastal Plain crustal structure in the U.S. Mid-
Atlantic region had been based primarily on multi-channel seismic (MCS) profiles [Nelson
et al., 1985; Behrendt, 1986; Pratt et al., 1988] and a time-term seismic experiment [James
et al., 1968]. The often featureless Coastal Plain crust revealed by many of the MCS
profiles may have more to due with signal loss in the sedimentary cover than to actual
crustal reflectivity. Along the I-64 transect (Figure 1), for instance, a vertical boundary
between highly reflective and completely transparent crust is observed at the Fall Line [Prazt
et al., 1988]. The results of the James et al. [1968] time-term study are equally ambiguous
in their characterization of Coastal Plain crustal thickness, as the time-term technique
depends on an assumed velocity structure and is particularly sensitive to sediment-thickness
variations.

There are two major seismic results presented in this paper. The first is the
determination of the crustal structure beneath the Coastal Plain along a 180-km transect —
completing a 420-km seismic transect across the rifted margin, from unextended crust west
of the Fall Line to oceanic crust offshore, that is based on data from the 1990 EDGE Mid-
Atlantic seismic experiment [Sheridan et al., 1993]. The second is the depth migration of
the offshore MCS and wide-angle seismic data from this experiment, resulting in the most

accurate and complete reflectivity image to date across the U.S. East Coast margin.
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The seismic results define the crustal thinning profile across the rifted margin, clarify
the complex structure at the continent-ocean transition, and provide a basis for estimating
crustal extension and subsidence. A thick sequence of extrusive rift volcanics covers the
most extended portion of thinned continental crust along this profile and spans the
continent-ocean boundary. The migrated MCS data image the extended continental crust
surface beneath the volcanics, and the velocity model constrains the seaward extent of
thinned continental crust. We are thus for the first time equipped with all of the data
required to accurately calculate crustal extension. In addition, we exploit the stratigraphy of
the subaerially extruded basalts that underlie the sediments to calculate total margin
subsidence and the history of earliest margin subsidence. These results have implications
for pre-rift plate reconstructions, the strength of the lithosphere prior to rifting, the current
thermal state of the margin lithosphere and the distribution of hot material beneath the

margin at the time of crustal breakup.

Wide-angle data description and interpretation

Three multichannel seismic transects were acquired during the 1990 EDGE Mid-
Atlantic seismic experiment using the industry seismic vessel Geco Searcher's 36-element,
10,800 cu. in. airgun array firing at 50 m intervals (Figure 1) [Sheridan et al., 1993]. Ten
ocean-bottom instruments from the Woods Hole Oceanographic Institution and the U.S.
Geological Survey were deployed along Line 801 to record wide-angle arrivals. In
addition, ten Reftek seismic recorders were deployed at six stations along an onshore
extension of Line 801. Analyses of the offshore multichannel and wide-angle data sets are
reported by Sheridan et al. [1993] and Holbrook et al. [1994b]. Here we present the first
analyses of the land seismic stations.

Four of the six onshore stations yielded data ranging from fair to high quality (Figure

2). Data processing consisted of bandpass filtering, deconvolution, amplitude balancing,
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and coherency filtering. Seismic phases from three crustal layers as well as an upper
mantle diving-wave phase were correlated on these four record sections. The nomenclature
we adopt for these phases is as follows: diving wave phases from within Layers 1, 2 and 3
and the upper mantle are referred to as Pg, D2, D3, and Pn, respectively; reflections from
the base of Layers 1, 2, and 3 are referred to as R1, R2, and PmP, where PmP is the
interpreted reflection from the base of the crust.

Station 2 (Stn 2) suffers from coastal noise, but phases Pg and R1 can be confidently
identified. Proceeding westward, Stn 5 is of excellent quality and all correlated phases are
observed with the exception of Pn. The blanked region between 120 and 140 km offset
represents an interval of high-amplitude noise which has been suppressed by the coherency
filter. The diving-wave phases display clear changes in apparent velocity. Numerous
diffractions are associated with events observed within the 50 to 110 km offset range — the
disruption of PmP between 80 and 110 km offset is particularly pronounced. The effect of
the shelf edge is apparent at 150 km offset, and the increase in apparent velocity of the PmP
phase beyond 160 km is characteristic of the lateral increase in velocity and seaward
shallowing of Moho beyond the shelf edge, as observed on the offshore wide-angle
profiles [Holbrook et al., 1994b].

The Stn 7 profile is noisy, but all of the expected phases are observed. The D2, D3 and
Pn phases are readily identified and associated with clear breaks in apparent velocity. The
effect of the shelf slope on the Pn arrival beyond 200 km offset is apparent. The R2 and
PmP phases are clear, though picking of these events is complicated by poor lateral phase
continuity. The Stn 11 profile, recorded by geophones cemented in outcropping granite, is
of excellent quality. Again all the expected phases are observed. The D3 and Pn phases

are clear and the PmP phase is strong, though complicated by a multicyclic signature and

interference from the D2 phase.
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Velocity Modeling

The velocity model shown in Figure 3 was derived from inversion of the picked
traveltimes using the code of Zelt and Smith [1992]. The velocity model of Holbrook et al.
[1994b], based on the offshore instruments, was used as the starting model for the
inversion for kms 0-240, and a one-dimensional (1D), landward continuation of this model
was used as the starting model for kms -180 to 0. The velocity parameterization of the
model is indicated in Figure 3b along with a gray-shade, contoured image of the
"resolution"” associated with this parameterization. The parameterization of the landward
portion of the model was kept sparse, as the land stations are unreversed, and the data
therefore only constrain large-scale averages of crustal velocity. In addition, the wide-
angle data do not provide strong constraints on the sediment thickness or basement
structure west of Line 801. We have assumed a smooth basement shallowing westward
towards the Fall Line, consistent with an erosional post-rift unconformity surface [Klitgord
etal., 1988].

The resolution plot of Figure 3b is a contour of the model resolution matrix diagonal
elements associated with each velocity node of the model. The resolution values are based
on both the onshore and offshore wide-angle data and provide a view of the relative
constraints that the traveltime data place on the model's velocity parameters. These
resolution values indicate that the velocity model is not overparameterized and that the
traveltime data place significant constraints on crustal velocity between km -100 and km
200. In particular, the onshore data constrain velocity in a wedge-shaped region extending
from the upper crustal layer between km -50 and km 40 down to the lower crustal layer
between km -100 and km 50.

Resolution diagrams such as Figure 3b must be interpreted with caution, as they
depend on both ray coverage and parameter distribution. Ray diagrams are another means

of illustrating the constraints the traveltime data place on crustal velocity and are also useful
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in interpreting the contoured resolution values. In Figures 4 and 5 we show ray diagrams
and traveltime fits to the picked phases. The traveltime data are most sensitive to crustal
velocity in regions bounding ray bottoming points. The resolution plot of Figure 3b
represents the density of these bottoming points for all the instruments averaged over the
local model parameters. The high resolution values of the landward portion of the model
are due in part, then, to the sparse parameterization of this portion of the model, and the
closely spaced nodes required to define the velocity gradient near km 60 result in lower
resolution values in this region.

The fit to traveltime picks (Figures 4 and 5) and the overlay of computed traveltime
curves on the data (Figure 6) indicate that the velocity model explains the observed data
very well. Thé final model is identical to the starting model east of km 80, is only slightly
changed in the km 20 to km 80 region, and is similar to a 1D continuation of the Holbrook
et al. [1994b] model west of km 20. The two significant differences west of km 20 are the
thinning of the upper crustal layer to the west and the much shallower depth to Moho. The
upper crustal layer (Layer 1) velocity and thickness are constrained between kms -40 and
40 by the Stn 2 and Stn 5 D1 and R1 phases and the Stn 5 D2 phase. This layer is
characterized by a 9-km-thick, 5.90- to 6.05-km/s velocity gradient near km O, thinning to
6 km towards the west with velocities increasing slightly to 5.95 to 6.10 km/s. The
inversion introduced the dipping structure at the base of the layer near km -40 to
accommodate the Stn 5 R1 phase. The continued westward shallowing of the layer is not
constrained by the data, but it provides a positive gravity gradient that may explain the
observed positive westward gradient (Figure 1). The velocity structure between km -20
and km 30 is clearly indicated by the Stn 2 and Stn 5 traveltime data given the basement and
sedimentary configuration assumed for the model and a degree of off-axis uniformity to the

structure. The lower velocities of this region correlate with a local, northeast-trending
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gravity low observed crossing the profile on the shelf and continuing southward inboard of
the Outer Banks (Figure 1).

The velocity and thickness of Layer 2 are constrained by D2 and R2 phases observed
on Stn 5 and Stn 7. The D2 phase is also observed on the Stn 11 record as a secondary
arrival, and its arrival time is consistent with the velocity model, though we have not used
this phase to constrain the Layer 2 velocity. The layer is characterized by a 6.15- to 6.30-
km/s velocity gradient and thickens to the west. Again, this thickening is consistent with
both the traveltime and gravity data but is not strictly required by either.

The velocity and thickness of Layer 3 are well constrained by D3 and PmP phases
observed on Stns 5, 7 and 11, and by Pn phases observed on Stns 7 and 11. The layer has
a uniform thickness and velocity gradient of 6.60 to 6.80 km/s. This landward Moho
structure differs from that predicted by the Holbrook et al. [1994b] model, which dips »
down to the west from a depth of 35 km near km 30 to a depth of 42 km at km 0. The
structure of the Holbrook et al. [1994b] model is not constrained by the offshore wide-
angle data, but was incorporated to explain the gravity low which, as mentioned above, has
a trough near model km 0. We see now that the gravity low is a local feature apparently
associated with a low velocity region in the upper crust.

The Moho is nearly flat between kms -100 and 10, rises to 30 km depth near km 40,
deepens again between kms 60 and 80, and finally begins the marked shallowing towards
normal oceanic crustal thickness. The shallowing of Moho between kms 40 and 50 is a
robust feature of the velocity model. The eastern flank of this mantle "bulge" is well
constrained by the offshore wide-angle data; the flat, 35-km-deep Moho west of the bulge
is well constrained by the onshore data; and the depth to the top of the bulge is constrained
by PmP reflections of Stn 5, Stn 7, and OBH 16 offshore and Pn arrivals of Stn 7. The
shape of the bulge corresponds with the shape of interpreted Moho reflections on the depth-

migrated MCS data presented below. We show below that this feature is a result of crustal
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loading by the thick sedimentary sequence. The details of the western flank of this Moho
feature, between km 10 and km 40, are not precisely resolved by the data, however. The
PmP arrival most directly imaging the western flank of the Moho bulge is observed on Stn
5 between 80 and 110 km offset and is strongly diffracted in two locations (Figure 2). A
traveltime triplication can in part explain the PmP character, but finite-difference wavefield
modeling indicates that the PmP diffractions do not arise from Moho structure as smooth as
the final velocity model. It is possible that the disruptions to PmP, and to earlier arriving

phases, are due to basement structure between Stn 5 and Line 801.

Depth migration of MCS and wide-angle data

The highly complementary nature of coincidentally acquired MCS and wide-angle
seismic data has become clear after many such experiments. Wide-angle data provide
images of the integrated seismic properties of the crust while multi-fold vertical-incidence
seismic data record the crust's differential properties. Interpreted together, these data can
place strong compositional and geometric constraints on crustal structure. To yield the full
benefit of these data sets, however, the MCS data must be depth migrated so that observed
reflections can be assigned to particular locations within the crust and correlated with
velocity information derived from the wide-angle data.

We have depth migrated the MCS data using velocities from the model of Figure 3 and
the extended split-step migration algorithm of Kessinger and Stoffa [1992]. In addition,
because the MCS data do not image the Moho seaward of km 70, we have migrated the
wide-angle PmP reflections recorded by the offshore instruments using a similar algorithm
and merged this Moho image with the migrated MCS data. Extended split-step migration is
a frequency-wavenumber algorithm in which the observed seismic data are downward
continued by small depth steps using a reference velocity. The downward continuation is

followed by spatial Fourier transform and a vertical phase shift of each trace to provide a
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first-order correction for lateral velocity variation. For each depth step, several downward
continuations are performed, each with a different reference velocity, corresponding to the
distribution of lateral velocity variation across a given depth step. Arbitrary migration
accuracy can be achieved by increasing the number of reference velocities used. We
employed an automated approach in which a new reference velocity was chosen for every
0.1 km/s lateral change in velocity. Deviation from the model velocity was thus never more
than 0.05 km/s, so that even at very wide angles, where the vertical traveltime correction is
less important, the migration error over a given depth interval was very small. An
exploding-reflector imaging condition was used for the MCS migration, and a cross-
correlation with a downward-continued point source initiated at the receiver was used as the
imaging condition for the wide-angle migration.

The resulting migrated image (Figure 7) reveals crustal features that neither the
unmigrated data nor the velocity model show. One important feature is the abrupt decrease
in crustal reflectivity seaward of km 40. The observation of a very bright sequence of
lower-crustal reflections beneath the region of subdued reflectivity east of km 40 suggests
that the observed reflectivity is characteristic of crustal impedance constrasts, not
complications due to basement structure, and that the crust here is more homogeneous than
the crust to the west, which displays a bright, complex reflectivity pattern. This transition
was pointed out by Holbrook et al. [1994b}, who showed that the decrease in reflectivity
appeared to correspond to an increase in velocity, though their resolution of velocity west
of km 40 was limited. Their suggestion is borne out by our model, and it is reasonable to
conclude that both the velocity increase and the reduction in reflectivity east of km 40 are
due to intrusion of mafic material.

The migrated image reveals that the transition in reflectivity across km 40 is quite
abrupt. In fact, the ramp-like appearance of the unmigrated diffraction pattern associated

with this abrupt transition led Sheridan et al. [1993] to relate the diffractions to a Taconic
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suture. The arguments for a Taconic suture in this location based on the MCS data now
seem less compelling. There is a tendency toward eastward dips in the migrated image
west of km 40, but neither the presence of complex reflectivity nor a fabric in the
reflectivity are prima facie evidence for a crustal suture.

The migrated image also more clearly delineates the geometry of the seaward-dipping
wedge. The wedge is seen to consist of two structural units. Between km 40 and km 75
the wedge thickens to about 5 km. The base of the wedge in this region is defined by
downlapping reflection terminations and by short, disrupted reflections, which may
represent the basement surface upon which the basalts were extruded, bounded by an
apparent basement high near km 75. The crust beneath this portion of the wedge thins
progressively towards the east, displays a subdued but discernible reflectivity pattern with
the base of the crust defined by a particularly bright sequence of Moho reflections, and has
an eastward increasing velocity and density structure. This portion of crust probably
represents faulted, heavily intruded continental crust, with basaltic flows ponded in a
basement low forming this portion of the wedge and with sills at the base yielding a bright
reflection signature.

The seaward-dipping wedge thickens dramatically between km 75 and km 85. The
base of the wedge is defined here by reflection terminations. No coherent crustal
reflectivity is observed beneath the wedge. It is likely that little or no preexisting
continental crust is present beneath this portion of the wedge, as the underlying velocities
increase dramatically to 7.3-7.5 km/s. Within this portion of the wedge at least three
distinct units are observed, bounded by apparent unconformity surfaces with upper and
lower reflection terminations. These surfaces presumably represent periods of volcanic
hiatus accompanied by erosion at or near sea level. The seaward limit of the wedge is well
defined in the migrated section at km 95 along the post-rift unconformity surface. This

point probably represents the location where volcanism became primarily submarine.
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There is no readily identifiable Moho reflection observed in the MCS data east of km
70. Strong post-critical Moho reflections are characteristic of the wide-angle data,
however, and we have migrated these reflections into the depth image. There are several
reasons for doing this which we believe are borne out by the resulting image (Figure 7b).
One reason is to generate a more complete reflectivity image. The reflectivity images of
multi-fold seismic profiling inform us about crustal structure, and inspire our
interpretations of that crustal structure, by means of the visual presentation of reflector
geometries. By migrating the wide-angle PmP events into the image, we increase its visual
impact and information content. The bulge in the Moho near km 50, for example, is now
apparent. The basement east of the seaward-dipping wedge is placed in context with
respect to the Moho, rendering the seaward thinning of the igneous crust a striking feature
of the image. The migrated Moho image also provides a view of the data coverage
associated with this reflector. In this case, we see that the coverage is complete between
kms 50 and 200, but not overly redundant. If the coverage were more redundant, a
situation achieved through increased instrument density, then wide-angle migration would
provide a means of refining crustal velocities via focusing analyses, as well as a more
detailed image of crustal reflectivity. At the present level of data redundancy, however,

interpretations based on the character of the Moho image are not justified.

Gravity modeling

The images of seismic velocity and reflectivity we have presented, together with gravity
measurements along the profile, provide a basis for crustal density modeling. The density
model shown in Figure 8 is based on the seismic results and agrees well with the density
model presented by Holbrook et al. [1994b]. The gravity response of the model, calculated
using the Fourier method described by Parker [1973], is compared to the gravity profile

extracted from the gridded DNAG [1987] compilation of gravity measurements. The
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principal features of the observed data include a gravity high bounded by steep gradients
between kms 20 and 100, a gravity low between kms -40 and 20, and a gentle positive
gradient westward of km -40 punctuated by three short-wavelength anomalies. The density
model demonstrates that the shelf-edge gravity high is due to dense material associated with
the high velocity material of the Figure 3 model. The steep gradient inboard of the high is
due to the abrupt increase in density near km 40. The seaward gradient is due to deepening
water across the shelf edge. The gravity low between kms -40 and 20 is due to low density
material in the upper crust and not a landward deepening of Moho as presented in the
Holbrook et al. [1994b] model. The positive westward gradient may be explained by a
thinning upper crustal layer, though this thinning is not well constrained by the seismic
data.

The gridded density model enables us to evaluate the current state of crustal isostatic
equilibrium by balancing the "columns" of the density model with a mantle density of 3.3
gm/cc. The difference between the balanced Moho structure and the Moho structure of the
density model represents the surface topography of a crust in local isostatic equilibrium
with respect to the mantle (Figure 8a). The crust is nearly in isostatic equilibrium, but a
~0.5 km high near km 0 and a ~0.8 km low near km 75 are required for complete Airy
equilibrium. This suggests that the crust is at present exerting a moment on the margin
lithosphere. The isostatically balanced crust with the sedimentary burden removed has a
monotonically shallowing Moho (Figure 8c). The mantle bulge observed in the present day

crust is thus due primarily to the sedimentary load of the marginal basin.

Subsidence modeling
The high quality image of the seaward-dipping wedge (SDW), the likeliho-od that
features within the wedge represent paleo-depth markers, and the crustal density model

based on seismic velocities enable estimation of the total thermal subsidence of the margin
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and provide a unique opportunity to characterize subsidence during the first several million
years following breakup. The total thermal subsidence constrains the range of possible
mantle thermal structures that are consistent with the subaerial basalt extrusion that
accompanied crustal breakup. Margin uplift and melt chemistry and volume are related to
mantle potential temperature and thermal lid thickness [White and McKenzie, 1989].
Kelemen and Holbrook [1995] have shown that the seismic velocities observed along this
and other U.S. East Coast margin transects imply a chemistry that requires melting at high
average pressures, and they suggest a petrogenetic model where melting occurs at elevated
potential temperatures (~1500°C) beneath an extending but still thick (~100 km) thermal lid.
We will demonstrate the conditions required for consistency of this type of model with the
total margin subsidence. The abrupt seaward termination of the SDW and the submarine
formation of normal mid-ocean ridge crust only ~20 m.y. after emplacement of the SDW
basalts suggests that mantle temperatures quickly cooled to those of the normal mid-ocean
ridge basalt source (~1300°C). The early subsidence history of the margin constrains the
rate of mantle cooling and, indirectly, the general distribution of hot mantle material at
breakup.

Our subsidence analysis is based on interpretations of the structure and stratigraphy of
the seaward-dipping wedge. Our key interpretive assumptions are: 1) the SDW represents
a layered sequence of subaerially extruded basalts, 2) the outboard unit of the SDW
overlies crust comprised entirely of accreted igneous material, 3) the seaward termination of
the SDW along the basement surface represents the transition to predominantly submarine
volcanism, and 4) prominent sequence boundaries within the SDW represent paleo-sealevel
surfaces marking periods of volcanic hiatus, possibly accompanied by erosion and/or
sediment deposition, during ongoing subsidence. The first of these interpretations has
been discussed at length by Sheridan et al. [1993], Holbrook et al. [1994b], and Talwani et

al. [1995], and is based on, among other things, the velocity of the SDW and the similarity
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of this unit to seaward-dipping wedges of the North Atlantic margins which have been
drilled and found to be subaerial basalts [cf. Eldholm and Grue, 1994]. The basis for our
second interpretation was discussed in a previous section where we noted that two distinct
units within the SDW, an inboard and outboard, span the continent-ocean transition, that
the inboard unit rests on thinned continental crust, and that the much thicker outboard unit
overlies crust with seismic velocities of ~7.5 km/s and is therefore very likely comprised
only of accreted igneous material. Our third interpretation follows from the second and
from the Mutter et al. [1985] model for seaward-dipping wedge formation in which the
wedge basalts represent the extrusive component of "subaerial seafloor spreading" and the
seaward termination of the SDW represents the submergence of the spreading center.

The fourth interpretation follows from the second and third and from the seismic
character of the SDW. The submergence of the margin a short time after crustal breakup
suggests that the margin and the SDW began to subside upon crustal failure. The lack of
evidence for faulting within the SDW suggests that this subsidence was in response to a
continuous, long wavelength subsidence mechanism, such as mantle cooling, as opposed
to a crustal-scale mechanism. Subsidence would have continued through periods of
volcanic hiatus, and it is reasonable to assume that during extended periods of hiatus the
SDW may have subsided to near sealevel and experienced erosion and possibly shallow
marine deposition. Drilling results from ODP Site 642 on the Vgring volcanic margin
reveal that basaltic flow units of the SDW there are commonly separated by erosional
features and sediments deposited in both subaerial and shallow-water environments
[Shipboard Scientific Party, 1987; Planke and Eldholm, 1994; Planke 1994]. At the
Clubhouse Crossroads drill site near Charleston, S.C., similar sediments were found
separating basalt flows thought to be related to the offshore Carolina Trough SDW
[Gotifried et al., 1983; Austin et al., 1990]. While the majority of these sediments seem to

be subaerial, some are shallow marine. Volcanic hiatus accompanied by ongoing
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subsidence and erosion, followed by renewed volcanic activity, would result in sequence
boundaries within the SDW characterized by onlapping reflectors above the boundary and
truncated reflectors below the boundary. Several sequence boundaries of this character are
readily identified in the migrated MCS image, and these are taken to represent paleo-
sealevel surfaces (Figure 9).

A possible crustal configuration at the time the volcanic center subsided below sealevel
is illustrated in Figure 9 using the depth-migrated MCS data. In generating Figure 9, we
first used the density model and local isostasy to remove the sedimentary load. We then
removed the crust east of km 95, the seaward termination of the SDW along the basement,
and, assuming symmetric rifting and volcanic deposition, mirrored the remaining crust
about the km-95 point. The point at the surface in the center of Figure 9, labeled point 111,
represents the center of volcanism at the time just prior to the onset of submarine
volcanism. The current unloaded depth of point III in Figure 10, ~2.8 km, therefore
represents the thermal subsidence of the margin since the time when the volcanic center was
at this location.

Two prominent sequence boundaries and the points I and II at the distal end of these
boundaries are also indicated in Figure 9. In accord with the above assumptions, we
interpret points I and II to have been at or near sealevel at the time the unconformity
surfaces were cut and, at that time, to have been at or near the volcanic center. As for point
I1I, the change in depth of points I and II to their current position below sealevel is due to
overburden and thermal contraction of the crust and mantle. Crustal thinning played no
role in the subsidence of the crust seaward of about km 90: crustal rifting was complete by
this point and igneous accretion was taking place. The amount of thermal subsidence the
margin has undergone since these surfaces were cut is obtained as for point III, by

unloading the material above and isostatically balancing the crust (Table 1).
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The calculated subsidence for points I, II, and III is dependent upon the crustal
densities determined from gravity-anomaly modeling. As these determinations are
nonunique, we demonstrate the sensitivity of the calculated subsidence on the density
model and determine extremal bounds on the subsidence by considering a variety of
velocity/density relationships determined for sedimentary and igneous rocks. The vertical
column of velocity and density values extracted from the gridded models of Figures 3 and 8
at the point-I horizontal location are plotted against each other in Figure 10. The bars on
these cross-plotted values represent 5 percent variation in density for the sedimentary rocks
and 3 percent variation for the igneous rocks. The range of laboratory-determined
velocity/density relationships suggests that density profiles using values 5 and 3 percent
below the model values and 5 and 3 percent above should effectively encompass the entire
range of reasonable density variation insofar as the subsidence calculation is concerned.
The subsidence calculated using these extremal density profiles are given in Table 1.

Total thermal subsidence

The total thermal subsidence of the margin constrains the range of past mantle thermal
structures. We are interested in how hot or cold and how thick or thin the lithosphere could
have been at the time of crustal breakup. In particular, we would like to test whether
Kelemen and Holbrook's [1994] petrogenetic model is consistent with margin subsidence.
We consider the total thermal subsidence of point I, the point closest in space and time to
crustal failure. We employ the concept of isostatic compensation to relate the measured
subsidence to density variations by requiring the mass in a given vertical column of the
earth to remain constant [cf. Turcotte and Schubert, 1982]. As it is unlikely that significant
compositional variations have occurred since margin rifting, we may confidently ascribe
density variations to variations in thermal structure, and, as we are at present only

interested in the total subsidence that has occurred since point-I time and not the pattern of
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subsidence, our analysis only requires a reasonable parameterization of past and present
thermal structure. The thermal structure of the present-day, ~190-m.y.-old margin
lithosphere is well approximated by a linear, steady-state conductive geotherm overlying an
adiabatic mantle with a "normal" potential temperature of ~1300°C. This is consistent with
either a "plate" [Parsons and Sclater, 1977, Sclater et al., 1981} or a "half-space" model
[Chapman and Pollack, 1977] of cooling. Previous studies of Atlantic margin subsidence
have assumed plate cooling with an asymptotic plate thickness of 125 km [ e.g. Sawyer,
1982; Keen and Dehler, 1993]. There is considerable seismological evidence [cf. Jordan et
al., 1989], however, that suggests an asymptotic thickness of ~250 km [e.g. Burov and
Diament, 1995] or a half-space cooling model is more appropriate for continental
lithosphere. We therefore parameterize the present-day thermal structure by a linear
geotherm extending to some unspecified depth, Zp, with a basal temperature, Tp (Figure
11). With py as the mantle density at 7=0°C, we take the density above Zp to be
p(z)=po(1-ax T(z)), with a coefficient of thermal expansion a=dV/VdT, and the density
below Zp to be p(z>Zp)=po(1-0 Tp).

The designation of a reasonable density profile for the time represented by point I
requires several other considerations, including the thermal structure of the lithosphere, the
temperature of the convective mantle, and the depth of aesthenospheric compensation.
White and McKenzie [1989] point out that melt-depletion density reduction of the mantle
and magmatic additions to the crust also affect buoyancy at volcanic rifted margins. We
need not consider these factors at present, however, as mantle depletion beneath point I has
presumably remained constant since point-I time, and our interpretation of crustal accretion
involves additions only on top and to the east of point I with time, in conjunction with the
Mutter [1985] model. It is thus reasonable to parameterize the density profile in terms of a
thermal structure consisting of a conductive lid of some thickness, Z;, overlying an

adiabatic region with potential temperature Typ. We will assume a linear conductive
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geotherm with basal temperature Tg:, consistent with instantaneous extension of a thermal
lid in equilibrium with an aesthenospheric temperature 7. While the actual shape of the
extended thermal-lid geotherm may have been concave, linear or convex depending on,
among other things, the state of thermal equilibrium prior to extension, the history of
temperature variation in the convective mantle, and the rate of extension, variations from
linearity in the lid would have a relatively small effect on the total buoyancy of the column.
In the convective mantle beneath the thermal lid, the effective depth of compensation may
be limited by viscous stresses of convection that tend to balance thermal buoyancy forces
[Parsons and Daly, 1983]. Studies of hotspot swells suggest compensation depths of 70 to
200 km [e.g. Haxby and Turcotte, 1978; Detrick et al., 1986; Courtney and White, 1986;
McNutt and Shure, 1986]. We consider compensation down to a depth Z¢ such that for
depths Z; <z <Z¢, p=p(T=Tp'), and for depths z > Z, p=p(T=Tg), making no
requirement that Z¢ be either greater or less than the current lid thickness Zg (Figure 11).
Given these assumptions, it is straightforward to calculate the paleo potential temperature
required to explain a given thermal subsidence, Zr, for a given set of values Zp, Tp, 7,

Zc, and Zg, the rebounded height of the overburden, as

T, =T, - AZ, (a)
T, :MILC) (1b)
UZc~20)
T I
1=(Z, —zT){l—(Z—O‘JrBZ—S)[ZS +—2—(ZB +ZT)}} (1¢)

C=(Zc~Z,)(1-Ty), (1d)
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where A is the adiabatic geothermal gradient.

We solve (1) for the bounded values of point-I subsidence, Z7. and Zr,, from Table 1,
and for a family of discrete current lid thicknesses Zp=150, 175, 200, 225, and 250 km
over a range of values for Z;, with Tp=1330°C, A = .3°C/km and o=3.2x10- °C-!
[Turcotte and Schubert, 1982]. The results of these calculations are shown in Figure 12
for various values of Z¢. A box designating the pressure/temperature conditions for the
initially-emplaced melts as determined by Kelemen and Holbrook [1995], defined by a
potential temperature range of 1450-1550°C and an average pressure of melting of 3.5-4.0
GPa, is also shown. The pressure scale is determined by assuming that melting begins at
120 km depth, proceeds at a rate of 12% per gigapascal of decompression [McKenzie and
Bickle, 1985], and ends at the base of the conductive geotherm, Z;. This gives an average
pressure of melting of P,,,[GPa] = 2+Z/60. This pressure scale is approximate and only
applicable to temperatures between 1450-1550°C.

The results of Figure 12 demonstrate that the Kelemen and Holbrook [1995] model of
high temperature melting beneath a thick thermal lid is consistent with a current thermal lid
thickness of 200-250 km. Thicknesses on this order are consistent with the age of the
margin and plate cooling with an asymptotic thickness of 250 km [Burov and Diament,
1995] and are generally consistent with seismological determinations of continental
thermal-lid thickness [e.g. Jordan et al., 1989; Polet and Anderson, 1995]. We may
therefore conclude that the results of Kelemen and Holbrook [1995] are consistent with the
subsidence of the margin. In addition, we point out that the commonly assumed present-
day thermal-lid thickness of 125 km requires past conditions that are in some sense extreme
- near infinite lithospheric extension at point-I time, potential temperatures exceeding
estimates of maximum mantle temperature variations (~350°C, Sleep [1992]), and deep

compensation depths.
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Early subsidence of the basaltic wedge

We now consider the pattern of subsidence during the deposition of the seaward-
dipping wedge. Table 1 indicates that there was ~0.90 km of subsidence between point-I
time and point-III time in addition to subsidence from loading. The small lateral separation
between these points (~2 km) suggests that this subsidence occurred quite rapidly. The
rapidity of this initial subsidence has important implications for the distribution of
aesthenospheric buoyancy sources, and it is thus important to estimate the time separating
points I, II, and III.

Bounds on the duration of time seperating points I, II, and III can be estimated by
considering spreading rates before and after the time of crustal failure. The 2 km seperation
between points I and III is too small to reasonably constrain a minimum time of seperation
between these points based on spreading, as volcanism at active spreading centers
commonly occurs over lateral distances of this order. We are more interested in the
maximum bound on this time, however, as a conservative bound on the rapidity of
subsidence, and we may estimate this bound by considering the minimum spreading rate.
Spreading rate may constrained by the date of the onset of crustal rifting, the age of the
oldest dateable oceanic magnetic lineation, and a knowledge of the extension that took place
between these two times. Triassic basin sediment ages indicate that rifting began at ~225
Ma [Manspeizer et al., 1989]. We show below that 60 to 80 km of extension occurred
prior to crustal failure. A seafloor-spreading type of crustal emplacement followed crustal
failure (the lithospheric mantle was probably still thinning during this time), leading
eventually to true seafloor spreading. The oldest dateable oceanic magnetic lineation is the
Blake Spur Magnetic Anomaly (BSMA) at ~170 Ma [Klitgord and Schouten, 1986]. The
BSMA lies ~220 km east of the continent-ocean transition (near km 80). An age of 190 Ma
for crustal failure, corresponding to the end of onshore igneous activity [Manspeizer et al.,

1989], implies a spreading half-rate of 11 mm yr! based on the distance to the BSMA and
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0.86 mm yr-! based on 60 km of pre-rift extension. The 190 Ma age for the onset of
seafloor spreading is somewhat arbitrary, but it provides a conservatively small spreading
rate during crustal extension. Using this minimum spreading rate estimate, we determine a
conservative bound on the maximum time seperating points I and three of 2.3 m.y. The
11-mm-yr! rate gives a seperation time of 0.2 m.y. which may serve as a minimum
bound, though this time is not well constrained. We point out that the duration of most
flood basalt events rarely exceeds 5 m.y. [Coffin and Eldholm, 1994], and, as the igneous
production between point-I and point-III time clearly represents less than half of that for
this large igneous event, we see that our 2.3 m.y. estimate is conservative with respect to
observations from other large igneous provinces.

The rapidity of the SDW subsidence is demonstrated in Figure 13, where we plot the
subsidence of points I, II, and III as of function of time calculated using the minimum and
maximum spreading rate estimates. For reference, we also show the subsidence predicted
for one-dimensional cooling of lithosphere extended by factors of f=2 and f=ec- using
McKenzie's [1978] uniform extension model, and the maximum subsidence rate observed
by Farnetani and Richards [1994] in numerical models of hot blobs impacting lithosphere
from below, ~0.1 km m.y."l. The subsidence from the numerical models represents the
decrease in dynamic uplift as the plume head disperses in the aesthenospheric low-viscosity
channel. A similar rate was found by Christensen [1992] in modeling a plume from the
660 km discontinuity. Clearly, the initial subsidence of the wedge proceeded at a much

faster rate than either of these two mechanisms can account for.

Discussion
Crustal thickness
The crust beneath the mid-Atlantic Coastal Plain has a fairly uniform thickness of ~35

km with an overlying sedimentary section that thickens to ~2 km from the Fall Line to the
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coast. This result is in contrast to previous crustal thickness estimates for the Coastal
Plain, which are based primarily on a regional time-term experiment (where crustal
thickness is inferred from mantle diving-wave phase, Py, delay times) carried out in the
1960's [James et al., 1968]. James et al. [1968] show variations in crustal thickness from
30 to 45 km beneath the Coastal Plain from North Carolina to Maryland, with considerable
variation in the Chesapeake Bay area. These values depend on an assumed velocity
structure, however, and are particularly sensitive to sediment-thickness variations. Along
the 1-64 reflection seismic line [Pratt et al., 1988] (Figure 1), James et al. [1968] show
crustal-thickness variations from 32 to 45 km, with a prominent 45-km-thick bulge near the
coast. As this type of variation is not observed beneath the EDGE line, and as the gravity
profile along the I-64 transect differs little from that along the EDGE line, it is likely that the
Py, traveltime anomalies observed in the time-term study were not due to variation in crustal
thickness, but rather to the Triassic basin imaged along the I-64 line. In fact, the two
stations used to infer the 45-km-thick bulge are situated directly over this basin.

The uniformity of Coastal Plain crustal thickness is probably pervasive throughout the
Chesapeake Bay area and possibly as far south as Georgia. The best constrained
observation of the early Chesapeake Bay explosion studies is the P, crossover distance of
~150 km [Tatel et al., 1951; Hart, 1954; Tuve et al., 1954]. This is consistent with our
observations for Stn 7 and Stn 11 and the crossover distance predicted from our velocity
model. The I-64 reflection data show essentially no reflections beneath the basement on the
Coastal Plain, and therefore provide no constraint on Moho depth there. Reflection data
from near the coast in New Jersey, however, show laminated lower-crust reflections that
terminate at ~12 s two-way traveltime, consistent with a 35-km-deep Moho [Sheridan et
al., 1991]. Refraction surveys just west of the Fall line in Georgia [Hawman, 1996] and
on the shelf offshore Georgia [Lizarralde et al., 1994] reveal crustal structure very similar

to that of the EDGE line, and all observed reflection-Moho events from deep seismic
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surveys on the mid-Atlantic Coastal Plain occur at 12-13 s [Cook et al., 1979, 1981;
Behrendt et al., 1983; Nelson et al., 1985].
Crustal thinning and extension,

The majority of crustal thinning was confined to a 75-km-wide region beneath the
shelf, where the crust thinned by 50 to 85% and then failed. The thinned crust appears to
be heavily intruded but not significantly underplated. The only evidence for underplating is
the bright sequence of lower crustal reflections underlying the thinned crust. Beyond km
82 the extrusive volcanics dramatically thicken with respect to those extruded onto extended
continental crust, and the crust beneath the extrusives has velocities of ~7.5 km/s. This
high velocity material is the plutonic counterpart to the extrusives and not underplated
material [Holbrook et al., 1994b; Talwani et al., 1995].

The migrated MCS data delineate the top of thinned continental crust beneath the
volcanic wedge, enabling an accurate determination of crustal extension. Considering only
the portion of the crust beneath the sediments and the volcanic wedge, the crust has
apparently thinned from 34 km to 15 km between km 10 and km 84. Significant magmatic
intrusion of the crust in this region, implied by the laterally increasing velocity, may mask a
larger extension. A crustal thinning profile based on the present-day Moho will thus yield a

minimum estimate for crustal extension. Using the present-day Moho to define the crustal-

thinning profile in terms of the extension factor, [3, for an unextended thickness of 35 km,
we determine a minimum estimate of ~30 km for crustal extension by integrating (1-1/f3)
from km -180 to km 84 (Figure 14). Total extension is thus ~60 km if, as Dunbar and
Sawyer [1989] have demonstrated, the thinning profile is more or less symmetric on the
conjugate margin. We can calculate a maximum estimate for crustal extension by assuming
that the average crustal velocity between km 10 and km 84 reflects mixing between 6.4

km/s material, the average velocity of the unextended crust, and 7.5 km/s material, the
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lower crustal velocity east of km 84. Using this mixing line, shown dashed in Figure 14,
to define the thinning profile, we calculate a maximum crustal exension of ~40 km, giving
80 km of total extension for symmetric thinning (Figure 14).

The observed half-extension of 30 to 40 km is considerably less than the ~110 km
extension determined by Sawyer [1985] and Dunbar and Sawyer [1989] from an analysis
of total tectonic subsidence. There are two reasons for this discrepancy. First, these
workers used a relation between total tectonic subsidence (TTS) and B, TTS=7.82 (1-1/B),
that is based on a pre-extensional crustal thickness of 30 km [Le Pichon and Sibuet, 1981].
A pre-extensional crustal thickness of 35 km changes the multiplicative factor F=7.82 km
to F=9.2 km. More significantly, these workers determined the transition from thinned-
continental to oceanic crust from the seawardmost inflection in their TTS profiles. We
demonstrate in Figure 14 that this inflection occurs near km 165, considerably seaward of
the last occurrence of continental crust. The TTS profile of Figure 14 was determined by
multiplying the sediment-unloaded basement depth of Figure 8b bY Pmantle/(Pmantie-
Pwater)=1.05. The extension determined from this TTS profile using the Le Pichon and
Sibuet [1981] relation and integrating from km -180 to km 165 is 95 km for F=7.82 and 80
km for F=9.2.

Our new estimate of total crustal extension has implications for Atlantic basin plate
reconstructions. Dunbar and Sawyer [1989] found that a non-rigid plate reconstruction,
using their TTS-determined extension values and Klitgord and Schouten's [1986] pole of
rotation, required and an additional 155 km of closure beyond Klitgord and Schouten's
[1986] maximum closure position. This difference is very similar to the 145- to 165-km
discrepancy between our 60- to 80-km estimate of total extensiqn and Dunbar and
Sawyer's [1989] average value of 225 km. This result thus supports the original maximum

closure determination of Klitgord and Schouten [1986].
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The Coastal Plain crust, in addition to being relatively unextended, shows no evidence
of significant mafic intrusion or underplating. Significant magmatic additions to the crust
are constrained to a region extending only 45 km inboard of the point of crustal failure.
There is no evidence for high velocity material (> 7.0 km/s) within the lower crust
landward of model km 40, confirming the analysis by Holbrook et al. [1992] from EDGE
strike Line 802. Tréhu [1987] and Lizarralde et al. [1994] presented similar results for the
Gulf of Maine and along the shelf near the Carolina trough off of Georgia. It would seem

that highly focused magmatism is characteristic of the U.S. East Coast rifted margin.

Gravity anomalies and isostatic equilibrium of the crust

A crustal density model that includes lateral density variation consistent with velocity
variation reproduces the observed gravity anomaly pattern and is nearly in local isostatic
equilibrium (Figures 3 and 8). It is likely that large lateral constrasts in velocity and density
are characteristic of the U.S. East Coast margin [Holbrook and Kelemen, 1993]. Density
models for the margin that fit observed gravity by exclusively invoking crustal-thickness
variations, such as Watts and Marr's [1995] model for the Baltimore Canyon, are therefore
probably not correct. Not surprisingly, Watts and Marr [1995] find that fitting gravity with
only crustal thickness variations results in an isostatically unbalanced crust. They then
infer variations in lithospheric mechanical strength from the pattern of mass disequilibrium.
This type of analysis seems questionable given our results from the nearby EDGE Line.
Margin subsidence

Taking advantage of the high quality MCS and wide-angle seismic data along this
transect, we have for the first time used structural information from beneath the
sedimentary section to characterize total margin subsidence and the earliest subsidence
history of a volcanic margin. We have shown that a petrogenetic model for the initially

emplaced igneous material involving high average pressures of melting (3.5-4.0 GPa) and
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high mantle potential temperatures (~1500°C) [Kelemen and Holbrook, 1995] is consistent
with the total subsidence of the margin. This consistency requires a present-day thermal lid
thickness of ~225 km, considerably thicker than the commonly assumed 125 km. We
emphasize that a 225-km-thick present-day thermal lid is not required by the subsidence
data. Figure 12 demonstrates that a wide range of reasonable past and present thermal
structures may explain the subsidence, with the thickness of the present-day lid scaling
nearly linearly with paleo-lid thickness. A 125-km-thick present-day lid, however,
requires somewhat extreme conditions at the time of crustal fajlure. A thicker present day
thermal lid is consistent with the notion that significant lateral variations in lithospheric-
mantle structure occur across rifted continental margins [e.g. Jordan, 1979].

The early subsidence history of the volcanic wedge provides a set of observations
against which dynamic models of volcanic-margin formation can be tested (Figure 13).
The main factors that may have contributed to the rapid early subsidence of the SDW
include cooling of the thermal lid, cooling of the aesthenospheric mantle, reduction of the
compensation depth in the aesthenospheric mantle, and reduction in the fraction of melt
retained in the mantle. The effects of these mechanisms are buffered by the mantle-
depletion density reduction that accompanies melting. While a complete evaluation of these
factors requires dynamical modeling, some of the possible effects can be deduced from
simple reasoning. For example, cooling or thickening of the thermal lid is unlikely to have
contributed to the early SDW subsidence. It is likely that the lid was thinning during this
time and still warming toward equilibrium with the abnormally hot underlying mantle.
Reduction in the fraction of retained melt is also an unlikely contributor to subsidence. If
some change in the fraction of retained melt was associated with the removal of the
overlying continental crust upon crustal failure (i.e. if crustal failure represented a change in
the effective permeability of the lithosphere), a sufficient volume of melt had already been

extruded by point-I time for this change to have occurred, given magma ascent rates on the
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order of meters per year [Turcotte and Schubert, 1982]. Crustal-level magma resevoir
deflation is also an unlikely contributor, as more than 70 years of observations in Hawaii
demonstrate that these mechanisms produce subsidence on the order of centimeters [Ryan
et al., 1983].

Cooling of the hot underlying mantle and/or reduction of the effective compensation
depth of this layer are probably the two largest contributors to the early SDW subsidence.
Ascribing all of the early subsidence to the region beneath the thermal lid, we may relate
subsidence to temperature and compensation depth variation simply as Zr=a AT Zp;, where
Zpy is either the change in the compensation depth of the hot column and AT is the
temperature contrast between hot and normal mantle, or Z is the height of the
compensating column and AT is the amount of cooling required to explain the subsidence
Z7. Thus, for a temperature contrast of 300°C we would require a change in compensation
depth of ~95 km to explain 0.9 km of subsidence.

Cooling of the hot aesthenospheric mantle may occur through conduction, advection,
and convection. Figure 13 suggests that conductive cooling is unlikely to have contributed
significantly to the early subsidence. Advective cooling is likely to have occurred via melt
extraction and extension. Melting affects mantle buoyancy by absorbing latent heat,
decreasing the density of the residuum, and advecting heat out of the system. While the
first two effects tend to produce nearly equal but opposite changes in density [Watson and
McKenzie, 1991], advection of heat to the surface can have a dramatic impact on the
average temperature of the hot region provided the initial volume of hot material is not too
large and that it is not resupplied with hot material from below, in that every unit volume of
melt extracted from the system must be replaced by a unit volume of mantle with normal
temperature. Extension produces a similar effect if a finite volume of hot material is
considered. Hot mantle will flow to fill the space created by extension, and the thickness

of the hot region will decreases in direct proportion to the space created. Small-scale
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convection, being more than an order of magnitude more efficient than conduction,
undoubtedly had a significant impact on cooling the hot region, and some form of active
upwelling is probably required to explain the volume of melt produced [Kelemen and
Holbrook, 1995]. The vigor of convection also affects the effective compensation depth of
the hot region, as the intrinsic buoyancy of the material is countered by viscous stresses.
Again, the rate of convective cooling and the vigor of convection are both dependent on the
dimensions of the hot region.

From these qualitative considerations of the initial volcanic-wedge subsidence, and
from the distribution of volcanics along the margin [Holbrook and Kelemen, 1993], we
may conclude that the initial spatial distribution of hot material in the upper mantle was
long, but not wide or deep. We speculate that this situation may be explained by
topography at the base of the lithosphere prior to rifting. The thinner lithosphere of
accreted Appalachian terranes, situated between the thicker cratonic lithospheres of Africa
and North America, may have provided a "thin spot" [Thompson and Gibson, 1991] in
which buoyant mantle material could accumulate. A uniform distribution of material in
such a thin spot is generally consistent with several of the sources that have been proposed
for large-igneous-province (LIP) magmatism, including the "incubation" [Kent et al.,
1992] of a tail-less plume, or blob (or series of small blobs), risen from a deeper thermal
boundary layer, and the "perisphere" model of Anderson [1994, 1995] in which a hot,
enriched reservoir is common to most continental sublithospheric mantle.

The U.S. East Coast LIP, once viewed as problematic for hot-spot theories of LIP
magmatism, is in fact consistent with elements of most theories for LIP formation [cf.
Coffin and Eldholm, 1994] and is probably a typical volcanic margin. The primary
arguments against applying the early plume theories [e.g. White and McKenzie, 1989] to
the U.S. East Coast are the lack of independent evidence for a hot-spot track and the linear

shape of the igneous province [Holbrook and Kelemen, 1993]. White [1992] points out,
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however, that the most important factors in the formation of volcanic margins are the
presence of a widely distributed region of hot material beneath a locus of rifting, and that
rapid, lateral, sub-lithospheric flow of this material is likely. Thus, while plumes are a
reasonable source for hot mantle material, the material's ultimate distribution probably
depends more on relief at the base of the lid channeling the material's lateral flow than on
either the location or the plume-, blob-, or sheet-like geometry of the upwelling. In this
sense the plume and perisphere theories are essentially equivalent. Moreover, as thinner
lithosphere will often be weaker lithosphere, hot material will tend to come to rest beneath
the likeliest locations of future rifting. It is not surprising, then, that voluminous initial
volcanism is common to many rifted margins, and we may speculate that this systematic

process is fundamental to the evolution of continental lithosphere.

Conclusions

We have presented results from a 420-km-long seismic transect across the U.S. East
Coast rifted margin, extending eastward from the Fall Line across the Coastal Plain to
oceanic crust offshore. These results reveal the crustal structure beneath the mid-Atlantic
Coastal Plain, define the crustal-thinning profile from non-extended continental crust to the
continent-ocean transition, clarify the relationship between imaged crustal reflectivity and
seismic velocity offshore, and have implications for the style and localization of rifting,
total margin extension, pre-rift plate reconstructions, the onshore extent of rift magmatism,
the state of stress along the present-day margin, and the thermal structure of margin

lithosphere. The major conclusions of this study are:

1) The crust beneath the Coast Plain is ~35 km thick, largely unextended, and shows no

evidence for magmatic additions of sufficient volume to affect seismic velocity.
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2) Rift-related crustal thinning was focused in a 75-km-wide region extending from beneath
the shelf to the slope. The crust thinned by 50 to 80% and then failed.

3) The total half-extension of the crust is 30 to 40 km. This is significantly less than the
~110 km of half-extension estimated from studies based on sediment thickness and is
consistent with a non-rigid Jurassic plate reconstruction to the Klitgord and Schouten
[1986] maximum closure position.

4) High quality seismic data can be used to exploit the stratigraphy of subaerially-extruded
basalts on volcanic rifted margins for analyses of margin subsidence.

5) A petrogenetic model for initial seafloor-spreading magmatism involving high average
pressures of melting (3.5-4.0 GPa) and high mantle potential temperatures (~1500°C) is
consistent with the total subsidence of the margin for a present-day thermal lid thickness
of ~225 km. It is difficult to explain both the early margin subsidence and the formation

of the initial melts with a present-day lid thickness much less than ~175 km.

6) The rapid initial subsidence of the margin following crustal failure suggests that the
initially hot underlying mantle cooled very quickly, implying an initial distribution of hot

mantle that was of limited and finite extent rather than a continuous deep upwelling or a

ubiquitously warm upper mantle.
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Zr- (km) Zt (km) Zr+(km)

I 4.03 3.65 3.30
II 3.20 2.97 2.74
I 3.02 2.75 2.55

I-1I 0.83 0.68 0.56
I-111 1.00 0.90 0.75

Table 1. Thermal subsidence, Zr, of basaltic wedge points 1, II, and III, and the
differential subsidence between point I and points IT and III. Thermal subsidence was
computed as the unloaded, isostatically balanced depth using Figure 8 density model.
Subsidence calculated using the lower and upper bounds on the density model is indicated

as Zt- and Zry+.
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Figure Captions

Figure 1. a) Shaded relief map of gravity anomalies from the DNAG [1987] compilation.
Note the continuity of the shelf-edge gravity high. The coast, the Fall Line, and the
locations of published coincident MCS/wide-angle seismic experiments are indicated.
b) Enlarged view of the 1990 EDGE experiment region with positions of offshore and
onshore seismic instruments indicated.

Figure 2. Record sections for land seismic stations a) Stn 2, b) Stn 5, ¢) Stn 7, and d)
Stn 11. Interpreted phases are indicated.

Figure 3. a) Gray-shade image of the velocity model obtained from traveltime modeling.
Velocities are indicated in km/s. Triangles show instrument locations. b) Gray-shade
image of parameter resolution for the igneous crust. Bold lines indicate reflection
points of modeled wide-angle reflections.

Figure 4. Observed and fit traveltime curves for Stn 2 and Stn 5 with raypaths for the fit
phases shown on a gray-shade plot of the velocity model.

Figure 5. Observed and fit traveltime curves for Stn 7 and Stn 11 with raypaths for the fit
phases shown on a gray-shade plot of the velocity model.

Figure 6. Record sections with overlain traveltimes computed for the velocity model of
Figure 3 for a) Stn 2, b) Stn 5, ¢) Stn 7, and d) Stn 11.

Figure 7. a) Depth migrated MCS data computed using the velocity model of Figure 3.
b) Composite depth migrated image of MCS data and wide-angle reflections recorded
by the ocean-bottom instruments. The basement surface is indicated.

Figure 8. a) Observed gravity values (dots), calculated gravity anomaly for the density
model (dark solid line), and elevation required to place crust in local isostatic

equilibrium (light line and scale to the right). b) Crustal density model with densities
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indicated in gm/cm3. c) Crustal density model with sedimentary load removed and
isostatically balanced.

Figure 9. Hypothetical crustal configuration at the time rift volcanism became primarily
submarine produced from the migrated seismic data unloading the sediments,
rebounding the crust, and mirroring the data west of km 95, the seaward terminus of
the volcanic wedge along the basement. Points I, II, and ITI picked at the ends of
sequence boundaries interpreted as paleo-sealevel surfaces, with reflection terminations
indicated. Bold line indicates the faulted basement of extended continental crust.

Figure 10. Cross-plot of velocity and density values at point-I (Figure 9) overlain on a
variety of velocity/density relationships for sediments (left) and igneous rocks (right).
For sediments, shaded region bounds Ludwig, Nafe and Drake [1970] data with center
line their preferred curve. Other curves from Hamilton [1978] for clay/mud/shale,
calcareous, and siliceous sediments. For igneous rocks, shaded regions bound Birch
[1961] fits for mean-atomic-weight-21 rocks (upper), gabbros (center) and all rocks
(lower). Other curves are Christensen and Mooney [1995] non-linear fit for 20 km and
30 km depth (upper) and Christensen and Fountain [1975] for granulite facies rocks at
6 kb (lower). There are 1601 velocity/density points plotted with bars corresponding to
5% (sediments) and 3% (igneous) variation in density.

Figure 11. Parameterization of thermal structure used to model total thermal subsidence
of point I. Zg is the rebound from removal of overburden, Zy the thermal subsidence,
Zg the current thermal-lid thickness, Z; the paleo-lid thickness, Z the paleo
compensation depth, Tp the current basal temperature, Tg' the paleo basal temperature,
and To the paleo potential temperature. Z¢ does not necessarily equal Zg.

Figure 12. Calculated past potential temperature required to explain the thermal
subsidence of points I, for five discrete values of current lid thickness over a range of

past lid thicknesses. The four plots represent different values of past compensation
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depth, Z¢. Shaded regions indicate effect of extremal bounds on density. Average
pressure of melting scales linearly with past lid thickness for temperatures near 1500°C.
Bold box indicates bounds of Kelemen and Holbrook [1995] petrogenetic model for
earliest melts. Point-I subsidence is consistent with these bounds for a current lid ~225
km thick.

Figure 13. Early subsidence history from point-I to points II and III using minimum and
maximum spreading-rate estimates. Predicted subsidence for 1D conductive cooling
and aesthenospheric dispersal of impacting plume head also shown.

Figure 14. Calculation of total extension. a) sediment-unloaded crust with extended
continental crust distinguished from new igneous additions. Minimum extension
calculated from thickness of gray region; maximum extension calculated using dashed
"mixing" line instead of Moho to define thinning profile. b) Total tectonic subsidence
(TTS) determined from unloaded basement with seaward inflection point indicated. c)
Extension determined from TTS using Le Pichon and Sibuet [1981] equation (light
lines) for 30 km (upper) and 35 km (lower) pre-extensional thickness. Extension
calculated by integrating (1-1/B) from seismic model (heavy line) line is 30 to 40 km.
d) B from seismic model using the "mixing" line (upper) and the Moho (lower) to

define thinning profile.
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Chapter 4

Crustal Structure of a Proto-Continental Volcanic Arc: Alaska Peninsula

Introduction

The formation of stable continental crust occurs through a variety of processes
operating episodically over 10s to 100s of millions of years. In contrast to the formation of
oceanic crust, which is reasonably well understood, there is currently no generally agreed
upon scenario for the formation and evolution stable continental crust. There is widespread
agreement, however, that one of the earliest and most important stages of continental-
crustal growth occurs at convergent margins through magmatism and terrane accretion. In
this chapter we present results from a seismic experiment across the Aleutian arc (Figure 1)
and investigate the structural and compositional evolution of continental crust at its earliest
stages of formation.

The paramount unanswered question of crustal evolution is how the continental crust
acquires its bulk compositional properties. The bulk major-element composition of the
continental crust has been robustly estimated by a variety of approaches to be andesitic,
intermediate between rhyolite and basalt [e.g. Rudnick, 1995; Christensen and Mooney,
1995]. The primary mechanism of continental crustal growth since the early Archean is
thought to be arc magmatism and magmatic-arc-terrane accretion at convergent margins
[e.g. Condie, 1989]. However, evidence from exposed sections of arc crust [Pearcy et al.,
1990], melting experiments with mantle rocks [e.g. Kelemen, 1995], and observed
distributions of arc lavas [e.g. Kay and Kay, 1994] suggests that the bulk composition of
subduction-related magmatic arcs is basaltic. This raises the question, how does crust built
mostly of basaltic magmatic-arc terranes evolve towards the andesitic composition of stable

continental crust?
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Several hypotheses have been proposed to explain the evolved character of continental
crust, in terms of both bulk composition and enrichment in incompatible trace-elements —
for which the continental crust is a globally significant reservoir. The merits of these
various hypotheses, including their implications for continental iron-enrichment and light-
rare-earth-element trends, have been discussed by several authors [e.g. Kelemen, 1995;
Rudnick, 1995] and need not be repeated here. We are primarily interested in the evolution
of the bulk composition of the crust, and hypotheses for this evolution are of three basic
types: 1) Differentiation occurs in the crust as the magmatic arc is forming, resulting in a
lower-crustal, ultramafic residuum that may be seismically indistinguishable from the upper
mantle and may at some point delaminate and return to the mantle [Kay and Kay, 1985]. 2)
Differentiation occurs by melting the lower crust at some time after the arc crust is formed,
possibly in association with compressional orogeny during accretion, forming an
ultramafic, lower-crustal residuum that behaves as in (1) [e.g. Meissner et al., 1987]. 3)
Differentiation occurs in the mantle via melt/rock interactions, and the bulk composition of
arcs is andesitic [Kelemen, 1995].

One of the primary goals of the 1994 Aleutian seismic experiment was to determine the
seismic velocity structure of crust at various stages of magmatic/accretionary evolution,
enabling constraints to be placed on bulk crustal composition at these stages and providing
tests to the evolutionary hypotheses. Line Al of the experiment crosses the Aleutian arc
where intra-oceanic subduction occurs, Line A3 crosses the arc where subduction is
beneath proto-continental crust, and Line BA3 crosses more mature continental crust of the
back arc (Figure 1). Line Al is one of only two high-quality seismic transects across an
intra-oceanic arc, the other being across the Izu-Ogasawara arc [Suyehiro et al., 1996].
Line Al is thus of primary importance in defining the deep structure and bulk composition

of oceanic arcs. The Line Al seismic data have been analyzed by W.S. Holbrook
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[unpublished manuscript], and we will use these results as a reference for the structure of
intra-oceanic-arc crust.

In this chapter we consider results from Line A3, a transect crossing the Aleutian arc
through Unimak pass at the westernmost end of the Alaskan Peninsula. Here the crust of
the overriding plate is probably best characterized as proto-continental crust, lying below
sea level and lacking the dramatic mountain belts that characterize the continental arcs of
Northwest America and the Andes. This nascent crust has formed through successive and
ongoing episodes of magmatism and terrane accretion [Plafker et al., 1994], and we hope
to find in its seismic structure evidence for evolution from the properties observed on Line
Al to the properties of average, stable continental crust. Toward this end, it is important to
establish the geologic framework of this margin, and we will begin with a brief review of

its history.

Geologic and tectonic setting

The Aleutian arc is a band of mountainous crustal constructions built from the volcanic
and tectonic activity associated with Pacific plate subduction along a more than 3000-km-
long subduction zone extending from the Kamchatcka Peninsula to the Gulf of Alaska.
The current configuration of the arc dates back to the Eocene, when a change in plate
motions forced a reorganization in subduction from its paleo location along the Beringian
margin and Alaska Peninsula (Figure 2). Unimak Pass thus represents a fundamental
boundary along the Aleutian arc. West of Unimak Pass, oceanic lithosphere of the Pacific
plate is subducted beneath oceanic lithosphere of the relic Kula plate (trapped by the
subduction-zone jump), and the arc is composed of volcanic flows, plutons and
volcaniclastic sediments that are Eocene and younger in age. East of Unimak Pass, the
crust of the overriding plate is composed of an amalgamation of several magmatic-

arc/accretionary-complex terranes of Mesozoic age that formed ~30° to the south, accreted
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to the southern Alaska margin during the Cretaceous, and are now being reintruded and

tectonically modified.

The Peninsular terrane

At present we are primarily concerned with the general geologic framework of the
Alaska Peninsula and southern margin, which we may consider as consisting of two main
units, the Peninsular terrane and the Southern Margin Composite terrane. The Peninsular
terrane encompasses the Alaska Peninsula and is bounded to the south by the Border
Ranges Fault (BRF in Figure 2). The northern boundary of the Peninsular terrane is
uncertain, but probably tracks just north of the Alaska Peninsula. Little is known about the
Bering Sea shelf crust to which the Peninsular terrane is attached except that its thickness is
estimated, primarily from gravity models, to be ~30 km [Cooper et al., 1987]. The
westward extent of the Peninsular terrane is also uncertain, and it is not clear whether it
extends as far west as Umnak Island. If the terrane extends beyond the Alaska Peninsula,
then it probably continues along the Beringian margin, the westward trend of subduction
during the Cretaceous when the terrane was accreted [Cooper et al., 1987].

The Peninsular terrane consists of volcanic and volcaniclastic rocks of the Jurassic-age
Talkeetna intra-oceanic arc [Plafker et al., 1994]. These rocks include basalt, andesitic and
dacitic flows and volcaniclastic rocks of the Early Jurassic Talkeetna Formation and the
plutonic rocks of the Alaska-Aleutian batholith, which intrude the Talkeetna Formation and
may represent the core of the magmatic arc [Miller, 1994]. The Alaska-Aleutian batholith
consists of mid- to late-Jurassic plutons that define a calc-alkaline magmatic suite of
intermediate composition (mean SiO; content of 58%) [Miller, 1994]. Two phases of
intrusion at 83-58 Ma and 38-26 Ma, following the accretion of the arc terrane to North

America, involved rocks of a somewhat more evolved composition [Miller, 1994].




107

The intermediate composition of the Alaska-Aleutian batholith and subsequent plutons
are probably not indicative of the bulk composition of the Peninsular terrane. An
ultramafic-mafic suite of Peninsular terrane lower-crustal rocks (the Tonsina assemblage) is
exposed along the Border Ranges Fault north of Cook Inlet [DeBari and Coleman, 1989],
and the composition of these rocks and a similar assemblage in Oregon led Pearcy et al.
[1990] to suggest that the bulk composition of intra-oceanic island arcs is basaltic. In
addition, the most reliable measurements of the seismic structure of the Peninsular terrane
reveal an upper-crustal structure with velocities of 6.3-6.6 km/s, considerably higher than
those of average continental crust [Ambos et al., 1989].

Southern margin composite terrane

The Southern Margin Composite terrane is an assemblage of accretionary-complex
terranes consisting of the Triassic-Cretaceous Chugach terrane, which lies immediately
south of the Border Ranges Fault, and various outboard Cenozoic terranes [Plafker et al.,
1994]. The Cenozoic terranes are more voluminous towards the east where accretionary
rocks from the western North American margin have been transported northward on the
Pacific plate and incorporated into the southern margin. At the western end of the Alaskan
Peninsula, the Southern Margin Composite terrane is dominated by Chugach terrane rocks
[Vallier et al., 1994]. The Chugach terrane consists of three main units, by far the most
voluminous of which is the flysch and basalt assemblage [Plafker et al., 1994]. This unit
includes a number of mapped formations, the westernmost being the Shumagin formation
whichs crops out on Sanak Island, located just south of Umnak Island (Figure 2). Rocks
of the Shumagin formation probably are the basement beneath at least the southern portion
of Line A3 and consist of predominantly of deep-water volcaniclastic sediments [Berg et

al., 1994: Bruns et al., 1987;Vallier et al., 1994].
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The deeper structure of the Chugach terrane is uncertain toward the southwestern end
of the Alaska Peninsula but has been seismically determined onshore along the Trans-
Alaskan Crustal Transect (TACT) north of the Gulf of Alaska [Fuis et al., 1991]. Here the
deep structure of the Chugach terrane is dominated by what appears to be a relic fragment
of oceanic crust dipping northward, beneath the surficial flysch, from the terrane's
southern boundary fault (the Contact Fault). A strike line crossing the TACT profile
towards the southern edge of the Chugach terrane convincingly demonstrates the velocity
structure of this ophiolitic(?) fragment as a 15-km-thick sequence of alternating high- and

low-velocity layers, with an average aggregate velocity of ~6.9 km/s [Fuis et al., 1991].

Seismic data acquisition and processing

The seismic data collected along Lines A3 and BA1 (Figure 1) consist of multichannel-
streamer and ocean-bottom-instrument recordings of shots fired at ~50-m intervals by the
R/V Ewing's 20-element, 8000-in3, tuned airgun array. The ocean-bottom instruments
along Line A3 were spaced 10 to 20 km apart and consisted of 11 Woods Hole
Oceanographic Institution ocean-bottom hydrophones (OBHs) and 5 U.S. Geological
Survey ocean-bottom seismometers (OBSs) (Figure 3). The ocean-bottom instruments
along Line BA1 consisted of the northern OBH of Line A3 (OBH19) and two additional
instruments spaced ~70 km apart. The multichannel-seismic (MCS) data for all lines were
recorded by a 4-km-long, 164-channel streamer towed behind the Ewing.

Processing of the MCS data is being carried out by other investigators. Figures of
MCS data presented in this paper are post-processed brute stacks. The complete section
shown in Figure 4 is processed with predictive deconvolution, a 4- to 30-Hz, zero-phase,
bandpass filter and a time-varying (t%8) gain. Other figures include a water-velocity Stolt

migration.
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The MCS data reveal the flexed subducting oceanic plate, a fairly complex crust beneath
the forearc terrace (km 75-125), a ~3-s-thick stratified section beneath the slope and
outermost shelf (km 125-175), a mostly transparent section beneath the shelf in the vicinity
of the arc (km 175-250), and an abrupt thickening to ~3 s of the stratified section beyond
km 250 (Figure 4). We demonstrate below that the transparency of the profile between km
175 and 250 correlates with the absence of a significant thickness of low-velocity
sedimentary strata along the shelf platform. It is possible that subsequent processing will
reveal features beneath the platform, as reflections from the subducting slab are observed
for shots near km 210. At this stage of processing, however, we are not inclined to
interpret any upper crustal events observed in this interval.

The ocean-bottom data processing flow consisted of previous-shot suppression,
predictive deconvolution, 3- to 18-Hz zero-phase bandpass filter, and a range-varying
(X1-) gain. The acausal precursor to the zero-phase filter is significant at one to two cycles
before the first break at small offsets on many of the record sections, giving the false
impression that traveltime fits arrive too late.

The turn in Line A3 through Unimak pass, near the center of the line, presents a
complication to two-dimensional modeling. For our modeling, we have chosen the
obvious profile extending between the southern and northern endpoints of the line, and
model offset is defined as distance along this profile from the southern endpoint. All MCS
data are plotted as a function of model offset, with data from shots fired during the turn
projected onto this profile. The wide-angle data are plotted and modeled as a function of
range from the shot to the recording instrument. The line configuration thus guarantees
traveltime-data misfits for shots fired in the turn, barring a highly fortuitous three-

dimensionality to the subsurface structure.
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Seismic data and velocity model

The voluminous Line-A3 and Line-BA|1 seismic datasets enable the determination of the
large-scale (kms to 10s of kms) seismic velocity structure beneath Line A3 (Figure 5). The
velocity model of Figure 5 is based on wide-angle traveltimes with incorporated constraints
from the MCS data. The analyses and modeling of the seismic data followed a similar
approach to that described in preceding chapters of this thesis, including phase
identification and traveltime picking, model parameterization, and a layer-stripping
application of inverse and forward traveltime modeling to arrive at a final model. The most
significant difference between the Line A3 dataset and those of the previous chapters is the
size and superior spatial sampling of the wide-angle dataset. This volume of data greatly
facilitates the seismic interpretation and modeling while at the same time complicating the
discussion of the results. Our discussion proceeds with detailed descriptions of key
aspects of the model combined with a comprehensive presentation of of the wide-angle data
with and without fit traveltime curves (Figures 6) and plots of the picked traveltimes with
fits (Figure 7), enabling the interested reader to consider undiscussed portions of the
model.

The primary focus of this paper is the arc crust of the overriding plate, though the data
place significant constraints on the location of the subducting slab and the structure of the
forearc accretionary complex. We thus only discuss the modeling of data north of km 150
and present figures of wide-angle profiles to the south for completeness. The arc-crust
model consists of 4 upper crustal layers with velocities <6.0 km/s, a middle-crustal layer
and a lower-crustal layer. Wide-angle traveltimes are used to constrain all aspects of this
model, and MCS traveltime data are used to constrain the geometries of the upper 3 layers.

Wide-angle and MCS data along Line BA1 were used to constrain the structure at the
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northern end of Line A3. We will mention modeling results from Line BAL1 in this section

but postpone a thorough review of the Line BA1 data and results to a later section.

The upper arc crust

The upper arc crust consists of four seismic layers that have a fairly uniform total
thickness of ~10 km but thin to ~3 km across the basement high near km 225. The upper
two layers have velocities of ~2.0 km/s and ~3.0 km/s, and the lower two have velocities
of ~4.7 km/s and ~5.6 km/s. Velocity constraints for these layers come from arrivals at
offsets as great as 52 km, but mostly less than 25 km. The disappearance of the upper two
low-velocity layers across the basement high is apparent in the near-offset arrivals. The
slow phases of Layers 1 and 2 observed on instruments between OBH19 and OBSA1
(Figures 7a and 7e) are absent on instrument OBH22 and OBSA3 (Figures 7f and 7h) ,
reappearing again on OBH21 (Figure 7i). The small basin beneath OBH17 (Figure 7g) is
indicated from the slow phases here out to 2- to 5-km offset.

The upper three layers of the arc-crust velocity model have a direct relationship to units
imaged by the MCS data (Figure 8 and Figure 9), and the geometry of these seismic units
was used to constrain the velocity model. The upper two layers have sedimentary seismic
character and velocity and are generally consistent in character with the regional
designations of upper and middle series seismic units [e.g. Bruns et al., 1987]. The upper
two layers pinch out near km 185 and thicken again beyond km 285. The absence of these
units apparently inhibits seismic penetration beneath most of the shelf platform (Figure 4).

The near offset arrivals observed on OBSA1 and OBSC3 are more complex in detail
than those observed on other instruments, with phases suggestive of high- and low-
velocity layering. We have not incorporated these details into our model, but note here that
this near-offset complexity correlates with the disturbed character of the Layer-1/Layer-2

sedimentary sequence between km 250 and km 285 (Figure 9). These features also
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correlate with a distinct character to the underlying Layer 3 in this interval and a high
frequency component in the magnetic anomaly profile, both discussed below. The km
250-285 interval lies within the trend of the currently active arc, and it is thus possible that
the Layer-1/Layer-2 features here are associated with arc-related intrusions.

Layer 3 is characterized by a strong velocity gradient, with velocity increasing from 4.2
to 5.2 km/s over a few kilometers depth, giving rise to a strong refraction, P3, on the wide-
angle profiles, many of which display considerable curvature. The velocity structure of
Layer 3 is similar over the northern and southern portions of the line, but the geologic
makeup of this layer may be quite different. Over the northern portion of Line A3 (km
300-341) and along Line BA1 (Figure 18), Layer 3 corresponds to a 1- to 2-s-thick
reflective zone beneath a well defined acoustic basement. A borehole located ~100 km
northwest of the end of Line A3 encountered basalt, basalt breccia and tuff at 3.2 km depth
beneath marine sediments, consistent with the depth to the top of Layer 3 [Marlow et al.,
1987]. Thus, Layer 3 probably consists of an assemblage of flows, volcaniclastic
sediments and small plutons beneath the northernmost portion of Line A3 and along Line
BAL1, and the gradation in velocity and the disappearance of reflectivity in this layer are
probably due to compaction-induced loss of porosity and an increasing incidence of
intrusive rocks.

The seismic character of Layer 3 beneath the slope and the southern end of the shelf
platform is characterized by more continuous reflections and a smoother upper surface than
observed in the north (Figure 8). This character is consistent with the regional lower series
seismic unit described on a number of MCS profiles across the southern margin. The
lower series horizon has been traced to outcrops on Sanak Island and the southern
Shumagin Islands and found to be correlative with the Shumagin formation of the Chugach
terrane which consists of deformed Mesozoic deep-water turbidite sequences [Bruns et al.,

1987; Vallier et al., 1994]. Numerous sonobuoy profiles along the margin to the south and
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southeast of Umnak Island indicate an average velocity of 4.6 km/s for the lower series
unit, consistent with Layer 3. Thus, Layer 3 beneath the slope and southern end of the
shelf is probably correlative with the deep-water flysch deposits of the Chugach terrane.

The seismic character and velocity structure of Layer 3 between km 250 and km 285 is
distinct from that in other portions of the MCS profile and velocity model. The layer is
seismically transparent in this interval with a strong, low-frequency reflection defining its
base. The velocity is slower on average, and the layer is nearly twice as thick here than
elsewhere. As mentioned previously, these changes in character are correlated with
changes in character in the overlying strata and a distinct magnetic anomaly pattern.

Layer 4 has a nearly constant velocity of 5.5 km/s along the northern end of the profile.
On OBHI19 (Figure 7a), the Layer 4 refraction, P4, is observed between -27 km and -50
km offset and is more linear and lower amplitude than the P; phase. The P4 phase has a
similar expression on OBSC4 (Figure 7b) and the positive offsets of OBH27 and OBSC3
(Figures 7c¢ and 7d), but is complicated with the P3P and P4P reflections and structure of
the basement high on the negative offsets of OBSC3, and is a "hidden" arrival on the
positive offsets of OBSA1 (Figure 7¢). Consequently, the velocity and thickness of Layer
4 between km 250 and km 275 is constrained mostly by its effect on the delay times of
other arrivals passing through from below.

The P4 phase is expressed clearly on the Line BA1 OBH19 profile between 15 km and
50 km offset (Figure 19a). The velocity of Layer 4 here is determined to be gradational
from 5.6 to 6.0 km/s. This velocity structure is similar to that observed on Line A3 south
of the basement high. Because the basement characterization from the MCS data along
Line BA1 is very good and the reversal of P4 between OBH27 and OBH19 is complicated
by structure near km 300, it is possible that the Layer-4 velocities beneath the northern end
of Line A3 have been somewhat underestimated. The P4 phase is well expressed south of

the basement high in the negative offsets of OBH17 and OBSA3 and the positive offsets of
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OBH21, and is important in establishing the delays to the Layer 5 refraction on OBH16 and
OBSA2.

The mid crust

The mid-crustal Layer 5 is characterized by two distinct velocity regimes on either side
of an arc-centered mid-crust high. The mid-crust south of km 250, including the mid-crust
high, has a gradational velocity of 6.5-6.85 km/s. North of km 250 the velocity is 6.15-
6.40 km/s. Layer 5 is 13 km thick at its thickest point, and averages 7 km thick in the
south and 9 km thick in the north.

The arrivals constraining the Layer 5 structure, Ps and PsP, are the predominant crustal
phases observed on most of the wide-angle profiles. The Ps and PsP phases are best
distinguished from one another on OBSC4 and OBH22 (Figures 7b and 7f), where the
reflected rays traverse the thickest sections of Layer 5 and thus attain the greatest delay with
respect to the refracted Ps phase. These phases are also well distinguished on OBH27,
OBSA3, OBH16, and OBSA2 (Figures 7c, 7h, 7}, and 7k). In other cases the distinction
is difficult either because the phases arrive too closely in time or are complicated by
shallower structure, as is the case for the positive offsets of OBH21.

Ray coverage for interpreted Ps and PsP phases is dense between km 150 and km 325.
In Figures 10a and 10b we show point-to-point raypaths to the P5 and PsP traveltime
picks. The white dots in Figure 10a indicate ray bottoming points, which are, to first
order, the locations where the traveltime data are most sensitive to velocity. While this
dense ray coverage imparts a high resolution to the velocity determinations for this layer,
we have somewhat underparameterized the layer to avoid overfitting expected misfits
resulting from the 2-D approximation of a 3-D ray geometry in the vicinity of the line turn.

The shallowing of the mid-crustal layer between km 225 and km 250 is clearly

indicated by wide-angle traveltimes. This is illustrated in Figure 11, where we plot
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reversing profiles OBSA3-OBSA1 and OBH21-OBSC3 located on either side of the layer
high. First-arrival traveltimes advance and then delay with increasing range as they pass
over the shallowing feature, obtaining an apparent phase velocity of ~6.5 km/s directly over
it. These traveltime effects are more dramatic to the north due to the greater thickness of
slower Layer 2 sediments there.

There is no question that the Layer 5 high is a required element of the model.
Traveltime fits for rays passing through this feature are quite good, though fits to
traveltimes associated with rays passing through or near the northern flank of the high are
generally poor due to the steepness of the flank and, presumably, the line turn across it.
Rays traveling to the south tend to require the flank be shifted northward (OBH19,
OBH27, OBSC3), whereas rays traveling to the north generally require a greater delay
across the northern flank (OBH17, OBH21). This misfit complicates, but does not
preclude, an estimation of traveltime-fit sensitivity to the velocity near the peak of the high.

We investigate the sensitivity of RMS traveltime residuals to the velocity structure of
the thickest portion of Layer 5 by perturbing the velocity at the top of the layer high point.
Images of the perturbed velocity structure for upper velocities of 6.0, 6.4, and 6.8 km/s are
indicated in Figure 12 along with the RMS error of the Ps-phase fits to the four instruments
most sensitive to velocity in this portion of the model, OBSA3, OBH22, OBSA1, and
OBSC3. This is perhaps the simplest test one could construct, as we did not modify any
aspect of the overlying model and did not consider a comprehensive suite of vertical
velocity gradients. The resulting misfit curves demonstrate the basic sensitivity of the data,
however, and show that the 6.5-km/s estimate for the velocity at the top of the layer yields
an RMS minimum for this suite of models. Qualitative considerations suggest that the 6.5-
km/s velocity estimate for the top of the layer is bounded by £0.20 km/s. The RMS-error

curves are symmetric, suggesting that an upper velocity of 6.3 km/s will fit the data equally
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well as an upper velocity of 6.7 km/s, and qualitative assessment of the misfit for these
models is consistent with this symmetry.

Layer-5 velocities south of km 200 are 6.5-6.9 km/s and are probably somewhat higher
than indicated in the model; the layer may include an isolated high velocity body. The
requirement for high Layer-5 velocities south of km 200 is indicated by the P5 and PsP
phases of OBSA2 and OBH16. Computed traveltimes for these events arrive considerably
too late beyond 50 km offset. Rays for events at these ranges bottom within the lower half
of Layer 5 between km 175 and km 200 and then pass through and emerge above the mid-
crust high. Layer-5 phases at negative offsets of OBSA3 and OBH21 also suggest that the
velocities south of km 200 may be faster than those of the model, though the fit to OBH17
is good. The addition of a thin (perhaps 3-km-thick) layer with velocities of 7.2-7.3 km/s
within the base of the present Layer 5 between km 175 and km 200 would satisfy the
OBSAZ2 and OBH16 Layer-5 traveltimes. Such a body would result in a lower-crustal low-
velocity zone, however, and therefore, as these phases are unreversed, we have not
included such a body in the final model.

The Layer 5 velocity north of km 250 is determined primarily from the linear, 7-km/s-
apparent-velocity Ps phase observed on instruments OBH19, OBSC4, and OBH27
(Figures 7a, 7b, and 7c) within ranges of -25 to -90 km, reversed by the slower, ~5.5-
km/s-apparent-velocity Ps phase observed on OBSC3 and OBSA1 (Figures 7d and 7e).
Rays to these phases bottom mostly within the upper half of the layer, and the traveltime fit
is most sensitive to velocity at the top of the layer. Inspection of the model fit to these
phases suggests that somewhat higher velocities at the top of the layer may be acceptable,
and this is borne out by qualitative assessments of sensitivity tests. A velocity increase
from 6.15 km/s to 6.30 km/s at the top of the layer does not significantly degrade the
overall traveltime fit. A decrease in the upper velocity to 6.00 km/s, however, has a

marked effect on the traveltime fit.
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Lower crust

The lower crust is characterized by velocities of 7.0-7.2 km/s seaward of the arc,
decreasing velocity across km 250 near the arc, and velocities of 6.8-7.0 km/s at the
northern end of the profile. Total crustal thickness increases northward to a maximum of
35 km at km 250, just seaward of the arc, and then thins to ~32 km thick beyond km 300,
resulting in a slight downward bulge near km 250. This structure is constrained by Moho
reflections (PmP) observed on eight of the wide-angle profiles with bottoming points
between km 180 and km 280 (Figure 10). Multiple reciprocity ties between the observed
PmP events enable unambiguous correlation of this phase. The OBSC4 and OBH21
profiles (Figures 13 and 14), for example, provide correlation ties to all the observed PmP
phases. The resulting ray coverage (Figures 10 and 15) provides reasonable constraints on
lower crustal structure. In addition, PmP phases observed on the end-line instruments of
Line BA1 were modeled to constrain the velocity and thickness of the lower crustal layer at
the northern end of the line.

Lower-crustal diving-wave phases, Pg, were not interpreted on any of the wide-angle
profiles. The final model predicts traveltimes for Pg phases that are potentially observable,
however, and we have distinguished these traveltime curves in Figure 7 by plotting them in
gray. The calculated Pg traveltimes are generally consistent with first-arrival branches of
the wide-angle data. This consistency suggests that the lower-crust velocities are neither
considerably too fast nor considerably too slow. The most serious apparent discrepancies
between calculated Pg traveltimes and observed first-arrival times occur for OBH19 and
OBSC4, where the phase emerges near -130 km range ~0.4 s ahead of the first arrivals.
The lateral velocity contrasts of the model in Layers 5 and 6 create a shadow zone for the
Pg phase up to these ranges, and the amplitude of this phase beyond the shadow zone

should be small. This is consistent with the ray synthetic calculated for OBH19 using the
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Zelt and Smith [1991] code (Figure 16). It would not be surprising if this phase is present
but unobservable.

The downwarping of the Moho in the vicinity of km 250 is a forward-modeled feature
whose presence is suggested by the traveltime curvature of the PmP phase observed on
OBH19 and OBSC4 and by strong secondary arrivals observed on OBH21 and OBH]16.
In Figure 16 we show the raypaths and traveltimes for PmP to OBH19 calculated for the
final model. In models without a downwarped Moho, PmP arrives considerably too early
between km 200 and km 225. This behavior is true for OBSC4 as well, and we note that
the errant early-arriving rays would not be passing entirely through the Layer 5 high, but
mostly south of it. Models that accommodate the required PmP delays in this interval, such
as the downwarped Moho, are complex by virtue of their short wavelength and the
resulting ray geometries — in this case a traveltime triplication — which are very difficult
to invert for. This is illustrated in the ray diagram for the point-to-point raytraced PmP
events (Figure 10c) where no bottoming points are found within the downwarped section
of Moho because events from here are secondary arrivals of the triplication (Figure 16).
Reflections from here would thus be ignored in most inversion schemes, including the Zelt
and Smith [1991] scheme, and thus such a structure could only result pathologically from
any given inversion step.

We have included a downwarped Moho (as opposed to a lower-crustal low-velocity
zone) to explain the traveltimes of the OBH19 and OBSC4 PmP phases because this feature
gives rise to a traveltime triplication that might explain the secondary arrivals observed on
OBH21 and OBH16 (Figures 14 and 7)) as well as the anomalous character of the OBH19
PmP phase near -160 km range (Figure 7a). The downwarped Moho near km 250 has
moderate success in modeling these PmP features. The secondary events observed on

OBH21 and OBH16 are strong and continuous, however, and though the retrograde
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branch of the downwarp triplication generally coincides with these arrivals, we cannot
consider these features fully explained.

An additional interesting aspect of the PmP reflection is the amplitude behavior
observed on OBH22, OBH17, and OBSA3 (Figures 7f, 7g, and 7h). On these
instruments we observe a strong variation in PmP amplitude for reflections observed at the
same range but on different instruments (i.e. different bottoming points). This behavior
suggests that impedence constrasts vary laterally along the Moho and are particularly strong
near km 265, the reflection point of the OBH22 PmP arrivals (Figure 3). This location lies
beneath the axis of the active volcanic arc and on the northern flank of the downwarped
Moho. The characteristics of the observed PmP reflections thus suggest the presence of
complex structure and bright reflectivity in the lowermost crust or upper mantle in the

vicinity of the currently active arc.

Line BA1l

The primary goal of the analysis of the Line BA1 wide-angle data is to constrain the
velocity structure at the northernmost end of Line A3. Line BA1 trends along the strike of
the primary tectonic fabric and so should present a structural profile that is considerably
more one-dimensional (1D) than that of Line A3. However, there is a prominent gravity
lineation that extends along the length of the Beringian margin and crosses the center of
Line BA1 (Figures 3 and 17). This gravity low is associated with a deep graben that has a
dramatic expression in the Line BA1 MCS profile (Figure 18). This graben may represent
the extensional reactivation of a relic crustal boundary fault of the paleo-Beringian
convergent margin [e.g. Cooper et al., 1987]. It is possible, then, that significant changes
in crustal structure occur across the center of Line BA1. Nevertheless, the data quality of
the three instruments along this line is good, and the coverage is sufficient to place bounds

on the thickness and average velocity of the crust here.
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The Line BA1 MCS profile reveals features with a direct correlation to the upper three
layers defined for Line A3, including two distinct sedimentary units (Layers 1 and 2) and a
1- to 2-s thick reflective zone at the top of acoustic basement (Layer 3) (Figure 18). The
character of these units remains more or less constant across the central graben, though
there are differences in detail to either side. The wide-angle data are of moderate quality
and display events correlative to those observed on Line A3 (Figure 19). A noisy interval
between km 75 and km 125 obscures the Ps and PsP phase on OBH19 and the P4 and P4P
phase on OBH20. A weak lower-crustal diving-wave phase, Pg is observed on OBH19,
and PmP is observed on both OBH19 and OBH20.

Constraints on the velocity and structure of the lower crust come from the observed
PmP events and the interpreted OBH-19 Pg event. These observations are too sparse to
place unambiguous constraints on the structure of the lower crust, but we may place some
bounds on possible structures by considering a suite of simplified models. Our approach
was to invert for Moho depths with depth nodes defined at only three locations, the ends
and center of the model, for a suite of effectively 1D layer velocity structures. Holding the
velocity at the top and the bottom of the layer fixed, we first inverted for a two-node Moho
parameterization with depth nodes only at the ends of the model, and then inserted a depth
node at the center of the model and inverted again. We performed this inversion for
velocities at the top of the layer ranging from 6.6 to 6.9 km/s and a 6.8- to 8.0-km/s range
for the base.

The inversion results indicate that, for a uniform velocity layer, virtually no long-
wavelength Moho structure is required to best fit the traveltime data. The relief on the
Moho was never found to be more than 1.5 km and was less than 0.5 km for 90% of the
imposed velocity profiles. We also observe that minimum misfits are obtained for thicker,
high velocity crust (Figure 20b). The best fit model under this parameterization includes a

36-km-thick crust with a lower crustal velocity increasing linearly with depth from 6.7 to
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7.7 km/s. The RMS misfit for this model, 0.07 s, is quite small. This is an unrealistic
velocity structure, however, and this model is probably not correct. It is more likely that
the parameterization is faulty, and that some combination of short-wavelength Moho
structure and lateral velocity variation are required. This model is instructive, however, in
that it is probably a reasonable approximation to the thickest, fastest velocity model
consistent with the data. To move out of this RMS-misfit minimum we must consider
thinner, slower models.

A variety of models can satisfy the traveltime constraints when a priori conditions are
not imposed on the velocity structure and Moho relief. Imposing the qualitative constraint
that predicted Pg arrival times for OBH 20 be "close" to the observed first-arrival
traveltimes, we obtained the velocity model in Figure 20a through forward modeling. This
model has an RMS error of 0.072 s for the lower-crustal phases and predicts a larger

amplitude Pg phase for OBH19 than for OBH20 due to the lateral velocity gradient.

Gravity and magnetic anomalies

The correlation between velocity and density for crustal rocks [e.g. Christensen and
Mooney, 1995] provides a check for consistency of a seismically determined velocity
model with observed potential field anomalies. We converted the velocities of the Line A3
model to densities using the relationships described in Chapter 3 and calculated the
predicted gravity anomalies for this model using the method of Parker [1973] (Figure 21).
The predicted gravity anomaly matches the observed free-air anomaly calculated from ship-
board data well over most portions of the model. The gravity-anomaly profile is dominated
by the low of the trench, the gradient of the slope, the edge-effect high of the outer shelf
(due to the asymmetric northward thinning of low-density slope sediments and thickening

of the crust), and the back-arc low due to thickening sediments.
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The most serious discrepancy between predicted and observed gravity anomalies occurs
in the vicinity of the Layer 5 high where the calculated anomaly is nearly 50 mGal too high.
Three-dimensionality undoubtedly plays a role in this misfit. It is clear from the satellite-
derived local gravity-anomaly map (Figure 3) that the anomaly pattern between km 220 and
km 265 is considerably three dimensional. Three-dimensionality does not provide a
complete explanation for the misfit near km 230, however, as there are no obvious off-line,
non-2-D gravity highs that we can readily ascribe to the Layer-5-high anomaly. A possible
candidate is the north-south trending gravity high that extends northward from between
OBH22 and OBSAL, crosses the western tip of Umnak Island and then turns
northeastward. A high-velocity body strictly associated with this anomaly may not satisfy
the traveltime data, however.

The well-resolved shallowing of the high-velocity Layer 5 near km 230 does not have
an apparent expression in the regional satellite-derived gravity anomaly data. This indicates
that the feature is either highly localized or simply does not represent a density contrast to
the surrounding material. There is a dramatic change in magnetic anomaly character across
the feature, however. The high-frequency character of the magnetic anomaly pattern
between km 200 and km 300 suggests a shallowing of the magnetic source layer, which is
probably Layers 3 and 4. The large-amplitude anomalies between km 220 and km 250 may
reflect increased magmatic activity in this interval, across the Layer 5 high, or may simply
reflect the shallowing of Layers 3 and 4 in this location. Further study of the regional
potential field data is required, as these data may help determine whether the Layer 5 high is
a localized magmatic construction or a tectonic feature perhaps associated with the Border

Ranges Fault.
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Constraints on the subducting slab

We note here briefly that the Line A3 MCS data provide constraints on the location of
the slab out to km 180 at ~50-km depth. The top of the subducting crust is well imaged in
the MCS data between km 50 and km 110 (Figure 22). The two-way times to this horizon,
in combination with wide-angle arrivals observed on OBH25, OBSC1, and OBSA2,
provide a very good estimate of the depth to the top of the slab out to km 125. Northward-
dipping reflection events associated with the downgoing plate are observed on the MCS
profile between km 190 and km 220 at 12-17 s two-way time (Figure 23). The association
of these events with the slab has been clearly demonstrated through correlations with the
along-arc Line A2 MCS profile [S. McGeary, unpublished manuscript]. We are able to
constrain the location of the downgoing plate in the vicinity of km 180 by interpreting these
events as reflections from the top of the slab, assuming a mantle-wedge velocity of 7.9
km/s, and modeling the reflection points for the length of the sequence as a single, dipping
reflector (Figure 23). The deeper position of the slab was fixed so that the top of the slab
corresponds to the location of the single deep-focus earthquake located by E.R. Engdahl

[personal communication] at ~100 km depth.

Discussion

The focus of this paper is the genesis of continental crust at a convergent margin
through terrane accretion and magmatism. It is thus important to consider the distribution
of accreted terranes beneath Line A3, what the original structure of these terranes might
have been, and what modifications have attended the accretion and reintrusion of this crust.
There are indications in the velocity model that at least two distinct crustal provinces form
the crust beneath the transect, one that is apparently quite mafic and one that is more similar
to mature continental crust. We will consider the implications of this lateral heterogeneity,

and what it tells us about crustal evolution at this margin, by comparing the crustal structure
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beneath Line A3 with that beneath Line A1, an active intra-oceanic arc, and with the

average velocity structure of continental crust.

Accreted terranes

An understanding of the processes attending terrane accretion depends upon the
identification and characterization of terranes and terrane boundaries. The terranes we
might expect to comprise the crust beneath Line A3 are the Peninsular and Chugach
terranes, but the available geologic evidence provides only sketchy clues about the position
of these crustal units beneath the transect. The Peninsular terrane is known to extend down
the length of the Alaska Peninsula and is thought to include Umnak Island and then swing
northwestward along the Beringian margin [Cooper et al., 1987]. Umnak Island is
covered in Tertiary and Quaternary volcanic and intrusive rocks, however, and the
westernmost disposition of this terrane along the peninsula and of its southern boundary,
the Border Ranges fault, is unclear. It is thus likely that Peninsular-terrane crust underlies
a portion of Line A3, but it is unclear how much Peninsular-terrane material is present and
under what portion of the transect. Similarly, rocks of the Chugach terrane are known on
Sanak Island (Figure 3), but the width of the shelf, and thus the Southern Margin
Composite terrane, decreases southwestward and it is unlikely that significant pre-
Cretaceous accreted material exists west of Unimak pass.

There are several significant lateral changes in crustal seismic properties beneath Line
A3 that may be related to distinct crustal units. The primary lateral variation occurs in the
mid-crust across km 250. South of km 250 the mid-crust has velocities of 6.5-6.9 km/s
whereas in the north the mid-crustal velocities are 6.15-6.40 km/s. This contrast is
mimicked in the lower crust, though resolution here is much poorer than in the mid-crust.
These two main crustal units, on either side of km 250, may in turn each be divided in two.

To the south, the region between km 220 and km 250 is a structurally distinct unit, and the
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small basin beneath OBH17 may be the surface expression of a fault bounding this unit
(Figure 3). To the north, the region between km 250 and km 300 is distinguished by the
character of Layer 3, and the abrupt transition in Layer-3 character across km 300 may
represent a tectonic boundary.

We interpret the primary transition in crustal properties across km 250 to represent the
boundary between the accreted Chugach and Peninsular terranes to the south and the pre-
Cretaceous North American margin to the north (Figure 24). This interpretation is based
largely on the properties of the upper crust. The upper crust south of km 220, in particular
between km 125 and km 220, probably consists of Chugach-terrane rocks. The similarity
of seismic character and velocity of Layer 3 to the character and velocity of the lower series
unit observed in seismic lines and sonobuoy profiles on the Shumagin margin is
compelling [Bruns et al., 1987], and the correlation of the lower series with Shumagin
formation rocks on Sanak Island makes it difficult to argue against an association of Layer
3 with Chugach-terrane rocks. The mid-crust south of km 220 resembles sediment-loaded,
underplated oceanic crust, similar to what is observed for the Chugach terrane along the
TACT Chugach profile [Fuis et al., 1991]. It is thus possible, perhaps likely, that the
Chugach terrane comprises most of the upper and middle crust between km 125 and km
220.

The upper crust between km 220 and km 250 is dominated by the thickened and
elevated Layer 5. This structure has several possible interpretations. It may be a Cenozoic
magmatic construction, an upthrust mid- to lower-crustal assemblage of the Peninsular
terrane along the Border Ranges fault as observed onshore near Cook Inlet [DeBari and
Coleman, 1989], or it may be the western expression of the Peninsular terrane's plutonic
core, as the velocity structure here is similar to that determined for Peninsular-terrane crust
near Cook inlet [Ambos et al., 1989]. An association of the crust in this interval with the

Peninsular terrane is natural given the likelihood that the crust south of km 220 corresponds
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to the Chugach terrane. In this case, it is plausible to interpret the small basin beneath
OBHI17 as the surface expression of the Border Ranges fault.

We interpret the crust north of km 250 to be pre-Cretaceous North American crust that
is overlain and intruded by Cenozoic volcaniclastic and volcanic rocks (Figure 24). This
interpretation is based largely on the differences in seismic structure between this crust and
that expected for oceanic-arc crust. This interpretation obviously depends on our
expectation of oceanic-arc crustal structure, which is based on the structure observed
beneath the intra-oceanic arc transect Line A1 (Figure 1). It is thus appropriate at this point

to consider the comparison between Line-A1 and Line-A3 crustal structure.

Comparison with Line Al

The Line Al profile across the Aleutian arc provides an important reference for
interpreting the crustal structure of Line A3. The Peninisular terrane is thought to be an
accreted oceanic arc, and thus we expect it to have had a structure similar to the crust
beneath Line A1 prior to its accretion and reintrusion. In addition, we can ascribe the
differences between Line Al crustal structure and the structure of average oceanic crust to
the Cenozoic flux of melt out of the mantle wedge. We would expect a similar volume of
melt to have affected the Line A3 crust.

South of km 220, the crustal structures of the two transects are similar (Figure 25).
Both profiles reveal a thick pile of <6.0-km/s material overlying a mid-crustal layer with
oceanic-crustal velocity and thickness and a lower crust with velocities of 7.0-7.2 km/s.
Several differences exist, however. The Layer-4 velocities south of km 220 on Line A3 are
higher (5.5-6.0 km/s) than the corresponding layer beneath Line A1 (5.2-5.5 km/s). This
increase may be due to the greater age of the Layer-4 material, a fundamentally different
geologic make up, or a more pervasive plutonism within the upper crust of Line A3. The

Southern Margin Composite terrane experienced episodes of granitic plutonism in the early
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Cretaceous along the Border Ranges fault and during the late Paleocene to early Eocene
along a 2100-km-long belt that extends as far west as Sanak Islands [Plafker et al., 1994].
In addition, the thickness of material above Layer 4 is greater than the thickness of material
above the 5.2-5.5 km/s along Line A1, and the amount of crust seaward of the arc is
considerably greater along Line A3 than along Line Al. These differences are all consistent
with the presence of accreted crust south of the arc on Line A3.

Another important difference between these two profiles is the Layer 5 structure
between km 220 and km 250. An interesting feature of the Line A1 model is the absence of
a massive plutonic core beneath the arc. It is possible that the absence of massive
plutonism in the upper crust is characteristic of oceanic arcs in general, and that it is only
upon accretion and reintrusion that seismically-resolvable volumes of plutonic material are
emplaced in the upper crust. This possibility is purely speculative, however, as it is
equally likely that upper-crustal plutonism varies along the length of the arc and that the
Layer 5 structure is a localized feature. Moreover, as described above, the Layer 5
structure may not be a magmatic construction at all but a tectonic feature. A regional,
along-arc characterization of upper-most crustal structure is necessary to define the nature
and importance of this feature.

The most significant differences between the crustal structure beneath Line A3 and Line
Al exist north of km 250. Along Line A1, the mid-crustal layer thins and the lower-crustal
layer thickens, whereas the mid-crustal layer along Line A3 remains nearly constant but the
velocities of this layer decrease from those of mafic rocks to velocities consistent with
intermediate-composition rocks. Thus, the mid crust north of km 250 is compositionally
more similar to mature continental crust than is the crust to the south, which is more similar
to the intra-oceanic-arc crust of Line Al.

The interpretation of the origin of the crust north of km 250 is particularly important to

our understanding of crustal evolution of this margin. If this crust belongs to the oceanic-




128

arc Peninsular terrane, then comparison with Line A1 would suggest that the bulk
composition of this crust has undergone considerable evolution. We believe that this is
unlikely, however, because of the apparent lack of significant upper crustal plutonism
along Line A3 north of km 250. A magmatic modification of Line-A1-type crust to that of
Line A3 would require substantial melting and fractionation of both the middle and lower
crust and the removal of an ultramafic residue. As crustal thickness is approximately the
same for both Line Al and Line A3, a magmatic flux from the mantle would presumably be
required to offset the loss of the residuum. Substantial melting and fractional
recrystallization of a 30-km-thick crust are dramatic modifications, and we would expect to
see some effect of them in Layers 3 and 4, most likely in the form of significant plutonic
intrusion of these basement layers. No modifications of this type are suggested by the
velocities (4.5-5.5 km/s), which are similar to those observed both to the south and along
Line A1 and are consistent with a mixture of flows, volcaniclastic sediments, and small
isolated plutons. It is therefore more likely that the crust north of km 250 was not
originally oceanic-arc crust, but thin crust of the pre-Cretacous North American margin that
has been thickened through foreland deposition during accretion of the southern terranes
and through Cenozoic arc magmatism.

In summary, we interpret much of the crust south of km 250 to be comprised of the
accreted Chugach and Peninsular terranes based on the likely association of Shumagin
formation rocks with Layer 3 south of km 220 and the similarity of the crust to seismic
observations along the TACT seismic lines onshore to the east [Fuis et al., 1991; Ambos et
al., 1995]. The general similarity of the accreted crust to that of Line A1 suggests that the
accreted material has an oceanic-arc origin, as expected for the Chugach and Peninsular
terranes, and that this material has undergone limited modifications since accretion. We
interpret the crust north of km 250 to be pre-Cretaceous North American margin crust that

was perhaps thickened during accretion of the outboard terranes. We do not believe that
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this crust has been modified from a more mafic composition through magmatic processes
because the upper crustal velocities are inconsistent with the massive plutonism expected to
accompany such a transformation.

These interpretations must be tempered with a final observation from the comparison of
Line A3 to Line Al. As stated above, we can ascribe the differences between Line-A1
crustal structure and the structure of average oceanic crust to the Cenozoic flux of melt out
of the mantle wedge. We would expect a similar volume of melt to have affected the Line
A3 crust. If we interpret most of the crust south of km 250 to be accreted terranes, then a
simple comparison of the structure beneath the two profiles (Figure 25) suggests that a
substantial amount of Cenozoic material is missing beneath Line A3. There are several
possible explanations for this discrepancy. Cenozoic melt production may have been
anomalously small beneath Line A3 or anomalously large beneath Line A1l; the lower crust
of the Peninsular and Chugach terranes may have delaminated upon accretion and been
replaced with Cenozoic material; Cenozoic melts may be more widely distributed north of
the Alaskan Peninsula; a larger proportion of Cenozoic material may be present below the
Moho beneath Line A3 than beneath Line A1; or our interpretation of accreted crust south
of km 250 may be in error.

This final possibility, that our interpretation of the terrane components of the Line-A3
crust is in error, has serious implications for the crustal evolution across this margin and
requires some consideration. An extreme possibility is that the similarity of Layer 3 and the
upper series/Shumagin formation is coincidental and that no crust of the Chugach or
Peninsular terranes is present beneath Line A3. This scenario requires a jump in
subduction from somewhere south of km 250 to approximately the current location of the
trench, trapping a length of Kula Plate oceanic crust as the current mid-crustal layer. A
reorganization of this type presumably occured somewhere near Unimak Pass during the

Eocene initiation of subduction along the Aleutian arc. If this reorganization occurred east
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of Unimak Pass, the relic subduction zone should be present beneath Line A3 and as a
margin-oblique structure beneath the Cenozoic sediment cover south of Umnak Island.
Further processing of the Line A3 and Line A2 MCS may reveal evidence for a relic
subduction zone, but at present there is no indication of a relic subduction zone beneath or
east of Line A3, and we remain confident in our interpretation of accreted terranes south of
km 250.

Comparison to average continental crust

The average composition of continental crust and its compositional variation with depth
have been estimated from a variety of methods [e.g. Rudnick, 1995]. Continental crust has
an average thickness of 41 km, an intermediate bulk composition, and is compositionally
layered, with the upper third having a felsic composition (>70% Si02), the middle an
intermediate composition, and the lower third of the crust having a mafic composition
(<53% Si02) [Christensen and Mooney, 1995]. The first-order correlation of seismic
velocity with composition enables compositional inferences to be made based on
comparisons of observed crustal seismic structure with the well-defined average seismic
structure of continental crust [e.g. Christensen and Mooney, 1995].

Comparison of vertical velocity profiles at km 200, km 225, and km 300 with the
average-continental-crust profile of Christensen and Mooney [1995] (Figure 26) shows that
the Line-A3 crust is thinner and more mafic than average continental crust and lacks a 5- to
10-km thick, 5.8-6.2 km/s, granitic-tonalitic, upper-crustal layer characteristic of
continental crust [e.g. Fountain and Christensen, 1989]. The crust south of km 250 is
considerably faster, and thus more mafic, than continental crust. We have interpreted this
crust to consist of accreted oceanic-arc and accretionary complex terranes, and comparison
with Line A1 shows the structure here to be very similar to that of a currently active oceanic

arc. If this interpretation is correct, then we can conclude that the processes of terrane
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accretion and reintrusion along this margin have not substantially modified the composition
of these terranes toward that of continental crust.

To the north, the mid-crust has velocities similar to continental crust at these depths, but
the lower crust is somewhat faster than continental crust. We have suggested that this may
have been initially thin crust of the North American margin, perhaps covered with a thick
wedge of flysch [Plafker and Berg, 1994], prior to the accretion of the Peninsular terrane.
The 10-km-thick mid-crustal layer may thus represent a tectonically thickened flysch layer
whose felsic to intermediate composition may be representative of the composition of the
~10-km-thick blanket of low-velocity material covering the crust along both Line A1 and
Line A3. While this interpretation is speculative, it emphasizes the importance of geologic

setting in determining dramatic lateral heterogeneity of bulk crustal properties.

Conclusions

The objectives of this study were to define the crustal structure across the Aleutian arc
at the western end of the Alaskan Peninsula, where crustal growth has occured through arc
volcanism and the accretion of oceanic-arc and accretionary-complex terranes, and to
interpret these results in terms of evolution from oceanic-arc-crust properties towards those
of mature continental crust. Our major conclusions include:

1) The crust south of the currently active arc probably consists of the accreted
Peninsular and Chugach terranes. The structure of these terranes is similar in most respects
to the intra-oceanic-arc crust of Line A1, and the composition of this crust is mafic.

2) The crust north of the active magmatic arc is compositionally more evolved than that
to the south, though probably more mafic than average continental crust. Lack of evidence
for massive upper-crustal plutonism suggests that this crust has not evolved from oceanic-
arc crust through magmatic differentiation but instead was probably thin crust of the North

American margin prior to the accretion of the southern terranes. The intermediate-
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composition mid-crust layer may be dominated by thickened volcaniclastic sequences and
thus may be characteristic of the composition of the low-velocity layers currently blanketing
the arc.

3) The crust along the entire transect lacks a granitic (5.8-6.2 km/s) upper layer
characteristic of mature continental crust. This layer thus presumably evolves from tectonic
and magmatic events which have not occured along this margin.

4) With respect to proposed mechanisms for the genisis of continental crust from
oceanic arc magmatism, we can conclude that the crustal structure observed for Line A1
and Line A3 are generally inconsistent with a net flux of intermediate composition melt
from the mantle wedge across the Moho, or the so-called andesite model and its variants
[e.g. Kelemen et al., 1995]. In addition, the processes of accretion and reintrusion along
this margin have been insufficient to substantially modify the bulk composition of the
accreted crust, either through delamination or widespread crustal melting. If lower-crustal
delamination occured upon accretion, this material has since been replaced by a mafic lower
crust. We may tentatively conclude that continental crust does not acquire its bulk
compositional properties in either an intra-oceanic arc or upon accretion of an oceanic arc.
It is arguable that accretion at the westernmost end of the Alaska Peninsula is not typical,
however, and that "hard" accretion, characterized by considerable crustal thickening, may
occur under different conditions. Likewise, Cenozoic magmatic crustal construction along
the Aleutian arc, as characterized by the Line A1 results, may not be typical of all oceanic
arcs. Crust of the Izu-Ogasawara arc, for example, appears to be considerably more felsic
than the Aleutian arc crust [Suyehiro et al., 1996].

5) Rocks associated with Cenozoic magmatism beneath Line A3 may be located within
the lower crust south of the current active magmatic arc, throughout the crust north of the
arc, and possibly beneath the seismic Moho. If a substantial volume of Cenozoic

subduction-related igneous rocks is present within the crust north of the arc along Line A3,
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then the composition of Cenozoic arc magmas beneath Line A3 is probably more felsic than

beneath Line A1 and may, in fact, be similar to the average composition of continental

crust.

These conclusions tend to say more about where continental crust is not formed than
about the genesis of continental properties. One may wonder if the growth of continental
crust from oceanic arcs is in fact a viable model. There is no cause for concern in this
regard, however, as we will see in Chapter 5 that crust of a similar origin to Line A3 has
evolved a characteristic continental velocity structure, complete with a granitic upper crustal

layer.
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Figure Captions

Figure 1: Location map of the 1994 Aleutian seismic experiment. MCS track lines and
ocean-bottom instruments (white circles) are indicated on the gray-shaded relief map of
bathymetry.

Figure 2: Cenozoic and Pre-Cenozoic magmatic belts of southwestern Alaska. The pre-
Eocene location of subduction along the Beringian margin, the location of the Border
Ranges Fault (BRF), the Southern Margin Composite terrane, and the tracks of the
instrumented lines of the 1994 Aleutian seismic experiment are also indicated.
[Adapted from Plafker et al, 1994; Plafker and Berg, 1994; and Moll-Stolcup, 1994]

Figure 3: Ocean-bottom instrument locations along Line A3 and Line BA1 plotted on
satellite-based free-air gravity anomaly pattern. Gravity contours are 10 mGal.

Figure 4: Brute stack of the Line A3 MCS data plotted with a 4- to 30-Hz bandpass filter
and t-8 time-varying gain.

Figure 5: Gray-shade and contour plot of the Line A3 final velocity model. Velocities
are indicated in km/s and contoured at 0.5 km/s. Bold lines on mid-crust and Moho
interfaces represent reflection points of PsP and PmP reflections. Gray bold line on
Moho corresponds to PmP triplication bounce points. Arrow at top indicates position
of magmatic arc, with vertical lines indicating line turn through Unimak pass. White
circles indicate earthquake events within 50 km of the line (gray in the inset map view)
located by Engdahl [personal communication] with a depth error of less than 3 km.
Circle sizes are for events with body-wave magnitudes mb <5,5 <mb <6, mb = 6.
Mantle velocities are assumed, and depth of subducting slab is constrained to model km

185.
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Figure 6: Traveltime picks and fit traveltime curves for all Line A3 ocean-bottom
instruments. Reduction velocity is 7 km/s.

Figure 7: Record sections with and without calculated traveltime curves overlain for Line
A3 ocean-bottom instruments. Reduction velocity is 7 km/s for all sections, but
horizontal and vertical scales vary. Calculated traveltime curves for the P6 lower-
crustal diving-wave phase indicated in gray.

Figure 8: Detailed view of the Line A3 MCS data across the slope with velocity-model
interfaces indicated.

Figure 9: Detailed view of the Line A3 MCS data north of the arc with velocity-model
interfaces indicated. Note change in character of both the sedimentary sequences and
the basement across km 305, as well as the unusual disturbance within the sedimentary
sequence near km 305.

Figure 10: Two-point ray diagrams (i.e. only rays to traveltime picks) for the (a) Ps, (b)
PsP and (c) PmP phases. White dots in (a) mark the bottoming points of the diving-
wave phases and indicate very good velocity resolution of the mid crust. No PmP
reflection points are indicated for the depressed Moho near km 250 (gray bold line) are
reflections from here secondary-arrival triplications.

Figure 11: Reversed profiles located on either side of the Layer 5 high. First arrivals
traveling to both the north and south show a decrease in apparent velocity at ranges
beyond the Layer 5 high, requiring the presence of the high. The effect is more
dramatic to the north where the thickness of the slowest velocity upper layers is
greatest.

Figure 12: RMS misfits of traveltime picks most sensitive to the velocity at the top of the
Layer 5 high due to perturbing the velocity at the top of the layer. Perturbed models for
top velocities of 6.0, 6.4 and 6.8 km/s are shown. Results of two runs are indicated,

with and without traveltime picks from OBSC3 which has large misfits near the
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northern flank of the high. These results demonstrate the sensitivity of the data, and
qualitative considerations suggest an uncertainty of £0.20 km/s for the upper velocity
of the high.

Figure 13: Detail of OBSC4 indicating the PmP phase, the location of the inferred
triplication, and the reversal points for other instruments.

Figure 14: Detail of OBH21 indicating the PmP phase, the location of the inferred
triplication, and the reversal points for other instruments. Note that at the OBSC4
reversal point it is the strong, continuous event at ~4.6 s that reverses with the strong
PmP phase of OBSC4 (Figure 14).

Figure 15: Ray diagrams for OBH19 and OBH21 illustrating PmP-triplication bottoming
points.

Figure 16: Ray synthetic for a portion of the OBH19 demonstrating the relative strength
of the Pg lower-crustal diving wave phase. The most serious discrepancy between
predicted Pg traveltimes and observed first arrivals occurs for OBH19 and OBSC4, but
the predicted amplitudes for these phases is relatively small due to a shadow-zone effect
associated with lateral velocity variations in Layers 5 and 6, as suggested by this figure.

Figure 17: Shaded-relief image of satellite-derived free-air gravity anomalies illustrating,
among other things, the gravity-low trend that tracks inboard of the Beringian margin
and crosses the center of Line BA1. This low is associated with a steep-sided graben
and may represent a major crustal boundary.

Figure 18: Line BA1 MCS brute stack. Note the prominent steep-sided graben in the
center of the profile and the well defined reflectivity of the upper 1 to 2 s of basement
which we associate with Layer 3.

Figure 19: Wide-angle profiles for Line BA1 ocean-bottom instruments. Processing and
display are the same as for Line A3 except that a minimum-phase (instead of a zero-

phase) bandpass filter was used.
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Figure 20: a) Final velocity for Line BA1. b) Contour of RMS error (s) of constrained
inversions for Moho structure including only three depth nodes and laterally constant
velocity for a suite of fixed top and bottom velocities. White numbers indicate the RMS
error in seconds. Labeled diagonal lines indicate the Moho depth for each inversion
result - introduce Moho structure was negligible for each of these runs.

Figure 21: (Top) Observed (shipboard) and calculated free-air gravity anomaly as well as
magnetic anomaly along Line A3. (Bottom) Density model based on seismic velocities.

Figure 22: Line A3 MCS profile across the trench and forearc. Reflections from the
subducting slab are visible beneath the forearc at ~10 s to near km 110.

Figure 23: (Top) Inboard dipping reflection sequence associated with the subduction
slab observed on Line A3 MCS profile with calculated vertical-incidence-ray traveltime
curve overlain. (Bottom) Vertical incidence rays reflecting off linear slab segment used
to model depth of slab between km 150 and 200.

Figure 24: Cartoon illustrating preferred interpretation of major crustal components and
terranes. Evidence for the lateral transition across the arc from accreted to non-accreted
terranes comes from the lateral transition in velocity and the distribution of Chugach
and Peninsular terrane material east of the transect. The depth extent of these terranes is
uncertain. A shallower extent for this accreted material would imply a large proportion
of Cenozoic (Cz) lower crustal magmatic additions.

Figure 25: Comparison of Line A3 and Line A1 velocity structure. Arrows indicate
location of active arc. Line A1 velocity structure from W.S. Holbrook [unpublished
manuscript].

Figure 26: Comparison of Line A3 vertical velocity profiles from km 200, km 225, and
km 300 (circles with thin lines) with the in-situ velocity structure of average continental

crust [Christensen and Mooney, 1994] shown with standard deviations.
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Chapter 5

Crustal Structure of Bristol Bay, Alaska:
Amalgamation of Accreted-Terrane Crust

Introduction

The focus of this chapter follows from the themes of Chapter 4, namely the evolution
of continental crust through the accretion and amalgamation of oceanic terranes. In this
chapter we present results from a seismic transect across Bristol Bay, Alaska (Line BA3,
Figure 1). Similar to the peninsular margin of Line A3, the crust of the Bristol Bay area
consists of oceanic-arc terranes accreted in the late Jurassic. The history of this crust since
accretion has been considerably more tumultuous, however, involving transpressional
deformation and translation as well as episodes of subduction-related and anatectic
intrusion. In terms of the evolution of continental crust, we can consider the crust of
Bristol Bay to be more mature than that of the Line A3 transect. A primary conclusion of
Chapter 4 was that accretion and reintrusion have not substantially altered the bulk
properties of the accreted crust along Line A3. In this chapter we investigate the effects that
terrane amalgamation and subsequent tectonic and magmatic activity have on bulk crustal

properties.

Geologic and tectonic setting

The geology of the Bristol Bay region is complex, consisting of at least twenty mapped
terranes and subterranes whose relationships and correlations are in many cases still unclear
[Decker et al., 1994]. For our purposes, it is sufficient to realize that these are oceanic-arc,
back-arc, and accretionary-complex terranes. Most of the terranes are related in some way
to the Togiak-Koyukuk oceanic arc, which was accreted to the northwestern North
American margin in the Late Jurassic (20-40 m.y. prior to the accretion of the Peninsular

terrane), and to flysch derived from the Peninsular terrane [Decker et al., 1994].
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Rifting and subsequent opening of the Arctic Ocean basin at about 130 Ma resulted in
~60° counterclockwise rotation of the western Alaska accreted terranes. This rotation was
accommodated by right lateral displacements of more than 150 km along major strike slip
faults, such as the Denali Fault system (Figure 2). During the Cretaceous and Tertiary, this
rotation had the effect of bringing together the northwest-margin terranes (Togiak, etc.) and
the southern-margin terranes (Peninsular, etc.), much like the closing of a pair of scissors.
Thick sequences of flysch (slope and submarine turbidites composed of volcanogenic
graywacke, siltstone and mudstone) accumulated and were tectonically thickened between
the approaching terranes. Onshore this flysch lies between the Denali Fault system to the
north and the Peninsular terrane to the south and is referred to as the Kahiltna terrane.

The northern boundary of the Kahiltna flysch may pass near the center of Line BA3
along the offshore extension of the Kulukat fault (Figure 1). It is likely that crust of the
Togiak-Koyukuk oceanic-arc complex is present beneath the northwestern half of Line
BA3 and crust of the Kahiltna terrane is present beneath the southeastern half. The
transition may be marked by the prominent gravity gradient bisecting Line BA3. The
eastern gravity low is associated with the Bristol Bay Basin, which extends along the
length of the peninsula and may be genetically related to the Kahiltna terrane [Plafker and
Berg, 1994].

In addition to the substantial geologic modifications that accompanied accretion and
rotation, the Bering Sea region crust has been subjected to two episodes of widespread
magmatism. The first and most voluminous of these episodes occurred along three major
magmatic belts during the latest Cretaceous to early Tertiary (Figure 2), around the time of
the plate reorganization that trapped Kula-plate crust and established the Aleutian arc [Moll-
Stalcup, 1994]. These magmatic belts are characterized by abundant granitic and tonalitic
plutons, have an average intermediate to felsic composition, and all have light-rare-earth-

element characteristics of arc magmas [Moll-Stalcup, 1994]. The petrogenesis of the
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northern magmatic belts, the Kuskokwim and Yukon-Kanuti belts, is still debated,
however. It is thought that these belts may have either been part of an anomalously wide
(400-600 km) volcanic arc, or that they are derived from anatectic melts [Decker, 1994;
Moll-Stalcup, 1994].

The second magmatic episode affecting the Bristol Bay region crust began at 6 Ma with
an initially voluminous extrusion of alkalic and tholeiitic volcanism. This magmatism
continues to the present, though with reduced production rates. These volcanics are found
on most islands of the Bering Sea and near the coastal termination of the Denali Fault in
Bristol Bay. Major-element, trace-element and isotopic compositions suggest an ocean-
island-basalt source for these rocks, which are more similar to Hawaiian volcanics than to
normal mid-ocean-ridge basalt (i.e. N-MORB) [Moll-Stalcup, 1994]. The origin of these
basalts is unclear. They are possibly related to a deep mantle source or back-arc extension
and are probably not derived from slab, mantle-wedge, or crustal melting [Moll-Stalcup,

1994].

Seismic data acquisition and processing

The seismic data acquisition and processing along Lines BA3 is essentially the same as
for Line A3 described in Chapter 4. The R/V Ewing's source array and multichannel-
seismic (MCS) array were again used, and wide-angle arrivals were recorded by 6 Woods
Hole Oceanographic Institution ocean-bottom hydrophones (OBHs) and 2 U.S. Geological
Survey ocean-bottom seismometers (OBSs) (Figure 1). Processing of the MCS data is
being carried out by other investigators of the experiment and is currently at a very
preliminary stage. Consequently, we do not present figures of the MCS data, although
these data were used to constrain the basement configuration. The ocean-bottom-data
processing flow consisted of previous-shot suppression, predictive deconvolution, 3- to

18-Hz minimum-phase bandpass filter, and a range-varying (X!-0) gain.
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Seismic data interpretation and velocity model

The Line-BA3 seismic data were used to determine the compressional seismic velocity
model shown in Figure 3. The analyses and modeling of the seismic data followed a
similar approach to that described in preceding chapters of this thesis, including phase
identification and traveltime picking, model parameterization, and a layer-stripping
application of inverse and forward traveltime modeling to arrive at a final model. The
wide-angle data with fit traveltime curves overlain are shown in Figure 4. The profiles of
Figure 4 are all plotted at the same scale and include all shots fired along the line,
facilitating comparison of location-dependent features between profiles. The wide-angle
data are of high quality but are flawed by noisy conditions over the northern half of the
line. (The source of this noise is uncertain, as weather conditions were calm during
shooting of the entire profile.) In most cases, however, important phases can be correlated
through this noisy interval on appropriately scaled displays.

The final velocity model consists of seven layers. Five layers make up the upper crust,
with depths to 17 km. These are the best constrained layers of the model, with velocities
and thicknesses based on both refractions and reflections. Layer 1 is a 1.8-km/s
sedimentary layer which is quite thin over most of the model but thickens to ~2 km in the
south over the Bristol Bay Basin. Layers 2 and 3 are ~1.5 km and ~2.0 km thick over
most of the model but thin dramatically north of km 25. Layer 4 has velocities ranging
from 5.9 to 6.2 km/s, with slightly higher velocities beneath the northern half of the line.
Layer 4 is thicker in the north (~7 km) than in the south (~4 km), shallows to near the
surface north of km 25, and shoals by ~1.5 km near km 125. Layer 5 has a fairly uniform
structure, with a thickness of ~7 km and velocities of 6.2 to 6.3 km/s. The mid- and lower-
crustal layers, Layers 6 and 7, are constrained by wide-angle reflections, are each ~10 km
thick, and dip northward. Moho structure is constrained between km 50 and km 175.

Crustal thickness is 40 km at km 50 and thins to 33 km at km 175.
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The interpreted wide-angle phases used to constrain the velocity model include the
diving-wave phases from the upper 5 layers, P — Ps, reflecting phases P4P, PsP, PgP,
and PP from the base of Layers 4, 5, 6, and 7, and the mantle diving-wave phase P,
observed on one instrument, OBH26. Layer 1 velocity structure is constrained by the
basement configuration delineated on the MCS profiie and the P| phase. The P; phase is
strikingly linear on OBSA1 and OBH20, revealing a thick layer of very slow 1.8-km/s
material with only a slight vertical velocity gradient. The northward thinning of this layer is
apparent in the progressively earlier times to the P, first break observed on instruments
north of OBSAL.

The basement surface underlying Layer 1 is rough on a 1- to 5-km horizontal scale,
giving an undulatory appearance to the wide-angle arrivals. The most prominent basement
disturbance, apart from the Bristol Bay Basin, occurs near km 25. This is a likely location
for the intersection of the Denali Fault with Line BA3. The basement disturbance at this
location is apparent as strong diffractions emanating from all events crossing it.

The structure of Layers 2 and 3 is constrained by the P, and P3 phases. The P, and P;
phases are strong refractions through the top of the basement. The phases have distinct
slopes in some cases (e.g. OBS C3) and merge into a continuous curvature in others (e.g.
OBH20). In most cases, the P3 phase becomes a first arrival at 10- to 20-km offset and
remains a first arrival until ~35 km offset. The lateral resolution of Layer-3 structure is
thus quite good, even across instrument gaps in the line.

Layer-4 structure is constrained by the P4 and P4P phases. The P4 phase is a first
arrival between 30 km and 100 km offset on most instruments. Ray coverage for this
phase is excellent (Figure 5a). The slope of the P4 first arrival is perturbed by the elevated
Layer 4 structure near km 125. Comparing OBSC3 and OBH27, for example, we see the
P4 slope increase, decrease, and then increase again on both instruments across the center

of the line. This pattern is characteristic of a structural high and is the basis for the Layer 4
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structure near km 125. We note that the northern flank of this feature may be steeper than
that of the model, as suggested by the strong diffractions, or back reflections, of crossing
phases observed on OBSC3 near 65 km offset. The P4P reflection is a distinct phase, well
separated from the first arrival on all of the instruments. The P4P phase is the earliest
reflected phase with computed traveltimes curves overlain on the wide-angle profiles
(Figure 4). Bounce points for the picked events are concentrated mostly near the center of
the line, but the events on OBH23 and negative offsets of OBH25 have bottoming points
near km 30.

Layer-5 structure is constrained by the Ps and PsP phases. The Ps refraction is the first
arrival beyond ~100 km offset. Ray coverage for this phase is very good, with bottoming
points concentrated towards the top of the layer between km 75 and km 200 (Figure 5b).
There is little change in slope from the P4 phase, indicative of the small change in velocity
between Layers 4 and 5. The PsP reflection is a prominent event on most profiles and is
particularly strong on OBSC3. Bottoming points of the reflection lie all along the interface
across the center of the line defining a nearly flat base to the layer.

Layer-6 structure is based on the PgP reflection. This is a prominent phase, but it is
obscured within the noisy interval on the southern instruments OBSA1 and OBH20. The
phase can be correlated through the noise on OBH27, however, and reversals of this event
and a pieces of PP on OBSA1 and OBH20 provide reasonable constraints for the structure
of Layer 6 (Figure 5c).

Layer-7 and Moho structure are constrained by PyP phases observed on most of the
instruments and the P, phase observed on OBH26. The PyP reflection is a strong, distinct
phase only on OBH26, where it is particularly strong. The phase is weak and complicated
on other south-looking instruments. The north-looking instruments are, again, obstructed
by noise, but the reversal of OBH26 with OBH27 can be confidently correlated back into

the noise and provides reasonable constraints on this layer's structure (Figure 5d).
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We analyzed the sensitivity of the PyP and Py fits to velocity by performing a suite of
inversions with velocities fixed in various configurations. For each test inversion we held
the velocity at the top and bottom of the layer fixed and inverted for the best fitting Moho
structure. We ran tests for a range of top and bottom velocities from 6.5 km/s to 7.2 km/s.
The results of these inversion runs are shown in Figure 6 for three sets of traveltime data,
one using all picks, on using only the OBH26 and OBH27 picks, and one using only the
OBH26 picks. The best fit models were generally insensitive to velocity gradient and so
we show only the average layer velocity for each inversion in Figure 6. These tests show
that the entire dataset is not particularly sensitive to velocity variations of as much as 0.20
km/s and suggest an average velocity of 6.8 km/s for the lower crust. The runs using the
reduced traveltime datasets of the most confident picks show considerable sensitivity to
average velocity and prefer slower velocities. The best fit models for these runs tend to
include more extreme Moho structure than runs using the entire dataset, and fits to the
unused traveltimes using these models are poor. We conclude that the 6.8 km/s average
velocity for the lower crust is constrained to within +0.20 km/s. The structure of the Moho
may be more complex than in our model. The dramatic change in appearance of the PP
phase between OBH26 and OBH23, for example, is not easily explained by a simple Moho

structure.

Discussion

The geology and tectonic history of the region surrounding Bristol Bay suggest that the
crust beneath Line BA3 is built of Togiak-Koyukuk ocean-arc-terrane rocks to the north
and Kabhiltna-terrane flysch-dominated rocks to the south of the Kulakat Fault, which
probably passes near the center of the line and is possibly marked by the Layer 4 structure
near km 125. This configuration is similar to our interpretation of Line A3 at the western

end of the Alaska Peninsula, where we inferred the origin of crustal components from the
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margin's tectonic history, the seismic characteristics of laterally distinct crustal units, and
by comparison with the oceanic-arc crust of Line Al. The velocity structures of these two
transects are quite different, however. The Line-BA3 crust is thicker and has generally
lower velocities than that of Line A3, and the 10-km-thick pile of low-velocity (<6.0 kmy/s)
material observed beneath Line A3 is absent beneath Line BA3, where we observe an upper
crust with an average velocity of ~6.0 km/s. One of the major conclusions of Chapter 4 is
that the crust beneath Line A3 does not bear a strong resemblance to average continental
crust. The principal result of the present chapter is that the crust beneath Line BA3 does
have the velocity structure of average continental crust (Figure 7a).

The contrast in seismic structure observed between Line A3 and Line BA3 highlights
the underlying themes of this chapter and of Chapter 4, the generation of crust with average
continental properties (Line BA3) from mafic arc and accreted-arc crust (Line A3). This
contrast is especially significant if, as the onshore geology implies, the Bristol Bay crust
has been built of terranes of similar origin as those that make up the crust beneath Line A3.
If this is the case, then it is reasonable to infer that the Togiak-Koyukuk terrane crust
initially had a seismic structure similar to that of Line A1 or the southern portion of Line
A3, and that the Kahiltna-terrane crust once resembled the crust beneath the northern
portion of Line A3. These inferences imply that the crust beneath Line BA3 has undergone
a dramatic transformation, and, to the extent that these inferences are correct, our results
along Line BA3 provide evidence that oceanic-arc-type crust can and has evolved into crust
with average continental crust properties.

The transformation of Line-A3 type crust to that of Line BA3 requires at least two
processes: crustal thickening and removal of the mafic (>7.0 km/s) lower crust.
Significant crustal thickening may have accompanied the 50° crustal rotation and 150 km
crustal translation associated with the opening of the Arctic ocean. This thickening may

have promoted erosion and metamorphism of low-velocity Line-A3-type upper crustal
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material. Removal of the mafic/ultramafic (> 7.0 km/s) lower crust may have been
accomplished either by eclogitization and delamination during crustal thickening, or by
incorporation into the upper mantle as the residue of intracrustal melting Intracrustal
melting, perhaps triggered by crustal thickening, occurred at 50-75 Ma in the southwestern
Alaskan magmatic belts (Figure 2), which are characterized by extensive felsic-to-
intermediate upper-crustal plutonism [Moll-Stolcup, 1994]. The mafic/ultramafic residue
of this melting is absent from Line BA3 crust, so it presumably lies below the Moho. This
may be suggested by the 40-km crustal thickness at the northern end of Line BA3, which
seems inconsistent with an elevation below sea level. It is possible that a dense residual
upper mantle is compensating the crustal root at the northern end of Line BA3, holding the
crust below sea level. Thus, although we lack sufficient data to propose a definitive
scenario for the transformation of Line-A3-type crust to Line-BA3-type crust, the geologic
and tectonic history of the region is consistent with the processes — crustal thickening,
crustal melting, and the removal of an ultra-mafic residue of crustal melting — that must be
invoked to explain such a transformation [e.g. Nelson, 1991; Mooney and Meissner,
1991].

Although we favor the scenario described above, in which the intermediate-composition
components of accreted crust are selectively preserved and thickened, we lack direct
evidence that such a sequence of events occurred. Alternative models are also possible; for
example, the Togiak-Koyukuk oceanic-arc terranes may not extend offshore, in which case
they may have an origin completely unrelated to Line-A3-type crust. In any case, the value
of the results presented in this chapter lies in the identification of a region where an
important change in crustal properties occurs over a relatively short distance, the 400 km
separating Lines A3 and BA3. It should be possible, perhaps with existing MCS and
sonobuoy data from the Aleutian Seismic Experiment, to test the various explanations for

this transition from mafic arc crust to continental crust.
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Conclusions

We have presented results from a seismic experiment over crust formed through the
amalgamation of oceanic-arc, back-arc and accretionary complex terranes. Comparison of
the crustal structure along this transect with the Line A3 and Line A1 crustal structures
discussed in Chapter 4 leads to the following conclusions.

1) The crust of the Bristol Bay region may have once been more mafic and had a
structure similar to the peninsular margin. Now, however, the Bristol Bay crust has a
seismic velocity structure of average continental crust.

2) The geologic and tectonic evolution the region is consistent with commonly
proposed scenarios for continental crustal evolution in which the intermediate-composition
components of accreted are crust are selectively preserved through crustal thickening,
erosion, and removal of a significant mafic component below the Moho.

3) The identification of continental crust beneath Line BA3 delineates a convenient
location for a more complete study of the transition from mafic arc crust to continental

crust, a study that can begin with existing data from the Aleutian Seismic experiment.
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Figure Captions

Figure 1: Location map for the Line BA3 transect. MCS track line and ocean-bottom
instrument locations plotted on satellite-based free-air gravity anomaly pattern. Gravity
contours are 10 mGal. The Denali and Kulukat strike-slip faults are indicated.

Figure 2: Cenozoic and Pre-Cenozoic magmatic belts of southwestern Alaska. The pre-
Eocene location of subduction along the Beringian margin, the location of the Border
Ranges Fault (BRF), the Southern Margin Composite terrane, and the tracks of the
instrumented lines of the 1994 Aleutian seismic experiment are also indicated.
[Adapted from Plafker et al, 1994; Plafker and Berg, 1994; and Moll-Stolcup, 1994]

Figure 3: Gray-shade and contour plot of the Line BA3 final velocity model. Velocities
are indicated in km/s and contoured at 0.5 km/s. Bold lines on interfaces represent
wide-angle reflection bounce points. Boxed numbers are Layer numbers referred to in
text.

Figure 4: Record sections with and without calculated traveltime curves overlain for Line
BA3 ocean-bottom instruments. Reduction velocity is 7 km/s for all sections.
Horizontal and vertical scales are the same for all profiles.

Figure 5: Two-point ray diagrams (i.e. only rays to traveltime picks) for the (a) P4, (b)
Ps, (c) PgP and (d) PyP phases.

Figure 6: RMS misfit versus average Layer-7 velocity for a suite of inversions in which
velocity at the top and bottom of the layer was held fixed and Moho structure was
inverted for. RMS error was insensitive to vertical velocity gradient. These results
demonstrate the sensitivity of the data under simple conditions and indicate a preferred

lower-crustal velocity of 6.8 km/s.
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Figure 7: Left: Comparison of Line BA3 vertical velocity profiles from km 75 and km
175 (circles with thin lines) with the in-situ velocity structure of average continental
crust [Christensen and Mooney, 1994] shown with standard deviations. Right:

Comparison of Line A3 vertical velocity profiles (see Chapter 4) with average

continental crust.
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